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Cons nsus Sequences as Substrate 
Specificity Determinants for 
Protein Kinases and Protein 
Phosphatases 

Peter J. Ken nelly J§ and Edwin G. KrebsH 

From l\ A department of Biochemistry' and Nutrition, 
Virginia * tytechnic Institute and State University, 
Blacksburg, Virginia 24061-0308 and the ^Department of 
Pharmacology, Unvwrsity of Washington School of 
Medicine, Seattle, Washington 98195 

Protein phosphorylation plays a pivotal role in the execution 
and regulation of many cellular functions. Consequently, phos- 
phoproteins and the enzymes that catalyze their phosphoryta- 
tion/dephosphorylation have been intensely studied. Central to 
our understanding of protein phosphorylation is the question of 
how these enzymes recognize their diverse substrate proteins. 
Since detailed information on substrate recognition is currently 
confined to those enzymes that phosphorylate/dephosphorylate 
serine and threonine, the remarks that follow will be confined to 
this group. 

In 1964, Nolan and co-workers (I) observed that a chymotryp- 
tic peptide from glycogen phosphorylase could be phosphor"! ated 
by phosphorylase kinase. Later, Daile and Carnegie (2) reported 
that proteolytic fragments of myelin basic protein, a substrate 
for cAMP-dependent protein kinase (cAMP-PK), 1 could also 
serve as substrates forcAMP-PK. Bylund and Krebs (3) observed 
that denaturation actually transformed some proteins into sub- 
strates for cAMP-PK, while Humble and co-workers (4) demon- 
strated that cAMP-PK phosphorylsted denatured pymvntp ki- 
nase as well as a cyanogen bromide peptide from the enzyme. 
The implications of these findings were that protein kinases 
reCu& r iiZed the local structure surrounding the phosphoacccptor 
group and that distort regions of the porypeptu' chain or higher 
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specificity. The concept rapidly evolved that the sites phosphoryl- 
ated by a particular protein kinase shared a set of common 
sequence elements, its "consensus sequence," whose existence 
was necessary and sufficient for recognition by that enzyme. 

In this short review we will attempt to summarize our current 
understanding of the rule ui consensus sequences in substrate 
recognition by protein kinases and phosphatases. While this has 
been the subject of several recent reviews (5-7), these works have 
largely focused upon the features that render synthetic peptides 
optimal substrates for these enzymes. Although such peptides 
represent powerful investigative tools, their small size and ran- 
dom conformation significantly limit their abilities to mimic the 
proteins they are intended to model. Therefore, we have focused 
upon the sequence features surrounding the phosphorylation sites 
on protein suhstiates. This was done both to discern patterns 
indicative of the existence and influence of consensus sequences 
in substrate recognition and to assess the degree to which the 
consensus sequence paradigm reliably predicts the behavior of 
protein kinases toward substrate proteins, both known and po- 
tential. Synthetic peptide data have been used to illuminate the 
significant features of those patterns revealed through the com- 
parison of protein substrates. The limitations of space preclude 
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' The abbreviations used are: cAMP-PK, cAMP -dependent protein kinase; 
t-GMP-PK, iCMP-iJcpeuJciil utoUiii »u.a«, PKC, pruUir* kinase C, AMT 
PK, AMP activated protein kinase; CaM, calmodulin; MLCK, myosin light 
chain kinaie; sin, smooth muscle; sk, skeletal muscle; MHCK, myosin heavy 
chain kinase; GSK-3, glycogen synthase kina.-. .\ CK, casein kinase. 



citing many of the individuals who have contributed to our 
uiiderht<inding of protein kinase and prottin phosphatase sub- 
strate specificity. We apologize for this unfortunate circumstarce. 

Definition 

The term consensus sequence refers to those sequence elements 
immediately surrounding the site(s) phosphorylated by a given 
proiein kinase that are considered essential for its recognition 
and phosphorylation by that kinase. It generally takes the form 
of a short linear sequence of amiro acids indicating the identity 
of the minimum set of amino acids comprising such a site and 
their position relative to the phosphoacceptor residue. The fol- 
lowing assumptions are implicit in the formulation of such con- 
sensus sequences- 1) The presence of a consensus sequence on a 
protein is necessary and sufficient for its recognition as a sub- 
strate by a particular protein kinase. 2) The specificity-determin- 
ing features of the phosphorylation sitt are contained in a contig- 
uous sequence of amino acids around the phosphoacceptor. It 
does not include elements from different polypeptide chains or 
from widely scattered portions of a single polypeptide chain. 3) 
Not all sequence positions surrounding the phosphoacceptor 
group, regardless of their proximity thereto, carry equal weight 
in determining the recognition code. 

Consensus sequences are typically represented as in the follow- 
ing example for p34^*- (8): S*/T*-P-X-R/K. The phosphoaccep- 
tor group is denoted by an asterisk or by the letter P in paren- 
theses. We will use the former convention and reserve the use of 
a P in parentheses to denote pre-existing phosphoamino acids. 
Where two amino acids function interchangeably, both are listed 
with a slash (/) separating them. Sequence positions judged to be 
recognition neutral are denoted by an X This does not guarantee 
that all possible substitutions at these positions, or combinations 
thereof, will be without effect upon the properties of the resulting 
substrstCo. 

Applications and Limitations 

Consensus sequences have many useful applications. As models 
of critical substrate recognition determinants they presumably 
form reflected images of the corresponding substrate binding 
domains. They have been used to identify autoinhibitory domains 
involved in the regulation of a number of protein kinases and 
phosphatases. They also have served as guides for the design of 
synthetic peptide substrates of great utility. 

Much of thf» iiRpfuinpss of the ronspnsns wouence mnHpl li**« 
in its simplicity. Summarizing the complexities of the substrate 
recognition process as sets of short recognition sequences has 
facilitated the evaluation and application of a large body of 
observations. Hov.ever, it must be borne in mind that in practice 
the model's assumption that local primary sequence alone con- 
trols recognition represents an oversimplification. Factors such 
as secondary/tertiary structure or distant secondary recognition 
sites can and do play significant roles in substrate recognition, 
sometimes completely overshadowing primary sequence consid- 
erations. This can apply especially to intramolecular autophos- 
phorylation, where the sheer physical proximity of the phos- 
phoacceptor may drive its phosphorylation. The existence of often 
unknown or ill -defined negative determinants contributes further 
complexity to the model's application. Thus, the existence of an 
apparent consensus sequence does not assure that a protein can 
he phosphorylated, nor is it a foolproof indicator of the protein 
kinase responsible if phosphorylation does occur. Consensus se- 
quence information functions best as a guide whose implications 
must be confirmed or refuted experimentally. Despite these lim- 
itations, the tremendous succra* t*i identic red bv the application 
of consensus sequences attes*s both to their practical usefulness 
and their genuine importance in substrate recognition. 
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Specific Consensus Sequence* 

Belov. are discussed those protein kinases for which sufficient 
data exists concerning the sites they phosphnryiate to provide a 
reasonable expectation that patterns of common features indic- 
ative of consensus seqv*nc*s should be apparent, if recognition 
proceeds through such a mechanism. A much abbreviated sum- 
mary of this information is given in Table I. Exclusion of a 
particular kimse does not imply that it has no consensus se- 
quence. Unless indicated, no attempt has been made to weigh 
information gained from proteins known to be phosphorylated in 
vivo more heavily than that obtained in vitro. This has been done 
to secure the largest possible data base from which to make 
comparisons. Autophosphorylation sites were omitted for the 
reasons outlined earlier. To simplify discussion, the phosphoac- 
ceptor rer I *■ ■» will be considered to be at the zero position and 
the adjacei... N-terminal and C-terminal amino acids will be 
designated by the numbers NH 2 - . . . ,-3, -2, -1, 0, +1, +2, +3, 
. . . -COOH, etc. 

cAMP-dependent Protein Kimse— The presence of basic 
amino acids, particularly arginine, N-terminal to the phosphoac- 
ceptor serine or threonine (as with most protein kinases, phos- 
phorylation of serine is generally preferred over threonine) is a 
key factor in substrate recognition by cAMP-PK (9, 10). Of 93 
phosphorylation sites or 52 proteins, 88 possess at least one 
arginine at the —2 or, more frequently (65 versus 54 cases), the 
—3 position. However, the optimal sequence for peptide substrates 
of R-R-X-S7T* (10, 11) only describes 30 of these sites, the 
major deviations being the substitution of lysine for arginine at 
position -2 (14 cases) or the presence of only a single arginine in 
the -1 to -3 area (33 cases). It appears that in vitro cAMP-PK 
will phosphoryfatc sites possessing one arginine as frequently, if 
perhaps not as efficiently, as those with two. Surveying probable 
physiological targets, i.e. those thought to be phosphorylated by 
the enzyme in living cells, substrates having a pair of basic 
residues in the -1 to -3 region were favored over those with a 
single basic residue by nearly 2:1, indicating that cAMP-PK may 
be more discriminating in nature than in the laboratory, where 
several factors, especially the use of supraphysiological enzyme 
concentrations, come into play. A consensus sequence for cAMP- 
PK might therefore be R-R/K-X-S*/T* > R-X 2 ~S*/T* = R-X- 
S*/T*, which describes 95% of the sequences surveyed. 

cGMP -dependent Protein Kinase— A survey of 16 sites phos- 
phorylated b«- the cGMP-dependent protein kinase (cGMP-PK) 
on 10 proteins indicates the universal presence of at least one W- 
terminal (-1 to -4) arginine. In most cases (13/16) there are 2 
or 3 basic residues present. Thus, it appears that cGMP-PK 
possesses a more stringent tequiremenl for multiple basic residues 
than does its cAMP- regulated cousin. A possible consensus se- 
quence for c-GMP-PK might therefore be R/K 2 n-A-SV'T*, which 
describes 75% of the sites surveyed. Work with synthetic peptides 
has led to the suggestion that a +1 arginine forms the key 
specificity determinant for cGMP-PK (7). However, this oosition 
is so occupied in only one of the sites surveyed. Moreover, the 



only physiological substrates identified to date, G substrate (12) 
and the c3MP-binding phosphodiesterase (13), follow the pattern 
R/K L V *-S*-X f in which X+ 1 is neutral. 

Protein Kinase C— Protein kinase C (PKC) also requires basic 
amino acid residues near the phosphoacceptor group. PKC can 
be influenced by both N- and C-terminal basic residues, and 
avidly phosphorylates substrates containing both. A survey or 68 
sites of phosphorylation on 29 proteins showed that 16 contained 
at least one arginine or lysine at positions -1 through -3, 19 
possessed one or more at positions +1 through +3, and nearly 
half (31/67) were bracketed by these amino acids in the -1 
through -3 and +1 through +3 regions. The positions most 
frequently occupied by a basic residue were +2 (34/67), -2 (31/ 
67), -3 (25/67), and +3 (24/67). Positions -1 and +i were so 
occupied in only nine and five instances, respectively. 

Studies with synthetic peptides indicate that although either 
C- or N-terminal basic residues can serve as determinants for 
PKC, optimal peptides contained both (14-17). Arginine was 
found superior to lysine. A survey of eight proteins phosphoryl- 
ated by PKC in vivo shows examples of sites that are double- 
sided (6/11), that have only C-terminal basic residues (2/11), or 
that have N-termiual basics only (3/11), a pattern resembling 
that displayed in vitro. A definitive consensus sequence for PKC 
has yet to be determined, a task complicated by potential sub- 
strate specificity differences among its isozymic lorms (17). How- 
ever, a summary of our current understanding might be (R/Ki 
X 2 .o)-S*/T*-(X 2 . 0l R/K,,,) > S*/TMX a o, R/K, ,) > (R/K, i, 
X 20 )-S7T*. 

AMP-activated f rotein Kinase— To date six sites phosphoryl- 
ated by th<» AMP-activated protein kinase (AMP-PK) distributed 
over four proteins have been sequenced (summarized in Ref. 18). 
Five reside on presumed physiological targets. While no clear 
consensus has emerged, they do share some common character- 
istics including a propensity for hydrophobic amino acids at 
positions -5 (5/6), -1 (5/6), +2 (4/6), +4 (5/6), and +5 (5/6). 
All possess two and often (3/6) three hydrophiiic amino acids at 
positions -4 through —2, one of which is basic (arginine or 
histidine) with position -3 usually (4/6) so occupied. No acidic 
amino acids appear in region -1 to -6. Hydrophiiic residues are 
generally present at positions +3 (5/6) and +6 (4/6). 

CaM Kinase II — Exempting its behavior towards caldesmon, 
the multifunctional ralcium/calmodulin-dependent protein ki- 
nase (CaM kinase II) is a close adherent to the consensus se- 
quence paradigm. A survey of 16 sites phosphorylated by CaM 
kinase II on 12 proteins indicates that 14 possess the sequence 
R-X-A'-S*/T*, a consensus originally suggested by Payne et at 
(19) and later confirmed using synthetic peptides (20). However, 
when one considers caldesmon, this trend shifts markedly. CaM 
kinase II from smooth muscle phosphorylates eight sites on 
caldesmon in vitro, only one of which conforms to the R-X-X- 
S*/T* paradigm (21! The implications of this "aberrant" behav- 
ior have yet to be resolved. 

p3«f The best characterized of the emerging family of pro- 
tein kinases involved in cell cycle control is p34 . Moreno and 



Table I 

Summary of consensus sequences most frequently recognized by protein kinases 
This table represents a simplified version of the information in the text tu allow rapid comparisons to be made. The reader is advised to refer to the text to 
Kain more detailed inform ation on the origin ar..i predictive reliability of the sequences presented. 

Protein kinase 



cAMP PK 
cGMP-PK 
PKC 

AMP-PK 
CaM kinase II 
p34" v -' 

Phosphorvlase kinase 

smMLCK 

skMLCK 

MHCK I 

MHCK II 

GSrv-o 

CKI 
CK I! 



Consensus sequence 



. R/K. 



.1 > SVT*-<X. 



R-R/K X-S7T* > HX -S'/T 
(R/K), ,-X-S*/T* 
[R/K: ... Y ; .»-S'/T*-iX 
ND- 

RX-XS'/T' 
S7T* P-XR/K* 
ND 

(K/R... X )-X, .-K/R i X 
tK/R... X) X, ,-K/R. \\ 

r/k^-x, .-syr-x-Y" 

R G X S' X-R 

SIPNX.V-SVT* » (D/E, „ A*..,>-X-SVT 
SVTMD/E/StP), i ' 



R/K, t > > (R/K, .X,..>-SVT* 



R-X.-S* iVV-F 

R X, S' N V FX K/R,. X)X t ..K/R.X, rEX,S'NVT 



Where"?!* polar*^ COnR * n9US ' ,l ;nrP due to ' 3ck of surfic '^ information and/or influence of other factors in influencing substrate specificity. 
' Where X +1 cr -1 is n hydrnxyl amino acid. 
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Nurse (8) surveyed eight sites ^hosphoryiatcd by p34 rdr " on six 
prcteinr and observed that seven conformed to tht pattern S*/ 
T*-P-X-R/K, with X being a polar *mino acid. Tbry noted that 
at least four of the six proteins become phobphoryiated nt the 
identical sites in vivo during mitosis. 

Phosphorylase Kinase— Factors additional to primary sequence 
weigh heavily in substrate recognition by phosphorylase kinase. 
The e vide net for this is 2 -fold. First, although phosphory'lase 
kinase will phosphorylate small peptides, such peptides fall well 
short of being phosphorylated with the same rate or affinity as 
substrate proteins. Second, cAMP-PK will phosphorylate dena- 
tured, but not native, glycogen phosphorylase at the same site as 
does phosphorylase kinase (3), implying that it possesses a "spe- 
cial" conformation. 

The sites phosphorylated by phosphorylase kinase on all tissue/ 
species forms of its major physiological target, glycogen phospho- 
rylase, conform to the pattern K/R-R-K/R-Q-I-S*-V/l-R-G-L 
(22). Synthetic peptide work indicates that the basic residues 
beginning at position -3 are essential for recognition (reviewed 
in Ref. 23). The arginine a' position +2 acts as an enhancer; its 
removal markedly decreased the efficacy of peptide substrates. 
Thus, a potential consensus sequence might contain one or more 
basic residues betwfen positions —3 and —5 and possibly a +2 
arginine. However, other features, including the conformation of 
the phosphorylation site, play important roles. 

The Myosin Light Chain Kinases— The myosin light chain 
kinases (MLCKs) possess an absolute specificity for myosin light 
chains. Comparison of the phosphorylation sites of a number of 
myosin light chains indicates that they conform to the following 
sequence pattern (reviewed in Ref. 24): (K/R_>, X)-X, ,-K/R,-X,. 
. ( -R(smooth)/Efske!etal, cardiac) .Y.-S* N V F. The key differ 
ence between smooth muscle light chains versus those from 
striated (cardiac and skeletal) muscle is at position -3, where the 
former has arginine and the latter glutamate. Smooth muscle 
MLCK (smMLCK) recognizes only smooth muscle myosin light 
chains. Studies with synthetic peptides indicate that the three 
clusters of basic amino acids at —3, —6 to —10, and —11 to -14 
are important recognition determinants for smMLCK, their rel- 
ative irfiuence increasing with their proximity to the phosphuac- 
ceptor serine (25). skMLCK will phosphorylate smooth, cardiac, 
or skeletal muscle light chains. In vitro, skMLCK prefers the 
same consensus sequence, with a —3 arginine instead of gluta- 
mate, as does smMLCK (26). This suggests that the most distant 
basic cluster may be an important specificity determinant under 
physiological conditions, even though it is not absolutely essential 
in vitro. 

Myosin I Heavy Chain Kinase — The myosin I heavy chain 
kinase (MHCK I) of Acanthamoeba castellanii phosphorylates a 
single threonine or serine in the heavy chain of myosin I. The 
cites on three myosin I isozymes conform to the pattern R/K x 
X, >-S*/T*-X-Y, with either position +1 or -1 occupied by a 
hydroxyl amino acid (27). Peptide studies indicate that one N- 
terminal basic residue and tyrosine +2 are required for recogni- 
tion, with a second N-terminal basic residue enhancing phos- 
phorylation (28). 

Myosin II Heavy Chain Kinase — The myos ; r II heavy chain 
kinase (MHCK II) of A. castellanii phosphorylates three closely 
clustered serine residues within the heavy chain of myosin II: T- 
P-S-S-R-G-G-S*-T-R-G-A-S*-A-R-G-A-S*-V-R (29). The en- 
zyme also readily phosphorylates a peptide v/ith this sequence, 
indicating that it contains the information essential for recogni- 
tion. These sites follow the pattern R-G-X-S*-X-R, and this has 
been suggest wl to form the recognition determinant for MHCK 
II (29). 

Glycogen Synthase Kinase-3 and Synergistic Phosphorylation— 
Glycogen synthase kinase-3 (GSK-3) phosphorylates glycogen 
synthase, cAMP-PK type II, protein phosphatase inhibitor 2, and 
protein phosphatase- l r ,, all likely physiological targets. However, 
phosphorylation only takes place after their prior phosphoryla- 
tion by ^nothe/ protein kinase, a phenomenon termed "synergis- 
tic" or "hierarchical" phosphorylation. These sites possess tw^- 
common characteristics, a propensity for one or more nearby (—3 
to +3) proline residues, and a C- terminal location of the syner- 



gistic phosphorylation e^enl. Thus, the recognition uttcrminant 
for GSK-3 appears to be a C-terminal serine-phosphate group. In 
synthetic peptides, GSK-3 recognizes the consensus sequence S*- 
XrS(P) (30). Most (7/0) sites phosphorylated by GSK-3 can 
conform to this model, possessing a serine residue at the +3 (one 
case) or +4 position that can be phosphorylated either by the 
"synergistic" kinase or by GSK-3 itself in an ordered mechanism. 
However, this synergistic phosphoserinc occupies position +!3^r 
+27 in the other two cases. Thus, proximity of a serine phosphate 
moiety in space, rather than along the polypeptide chain, may 
also confer recognition by GSK-3 (30). 

Casein Kinas' /—Casein kinase I (CK I) targets sites rich in 
N-terminal, negatively charged, i.e., acidic or phosphorylated, 
amino acids. Examine* ion of 13 sites phosphorylated by CK I on 
five proteins ; ndicates that 12 possess one or more negatively 
charged amino acids immediately N-terminal (-1 to -5) to the 
phosphoacceptor group. Position -3 was so occupied 10 of 13 
times, with positions -2 (7/13) and -4 (6/13) next in frequency. 
The residues C -terminal to the piosphoacceptor show no pattern 
of basic, acidic, or other character. The importance of serine 
phosphate as a determinant was recognized when Tuazon et at 
(31) observed that prior dephosphorylation of casein adversely- 
affected its phosphorylation by CK I. Flotow et at (32) have since 
shown that a single N-terminal (-1 , -2, or -3) serine or threonine 
phosphate residue can serve as the recognition determinant for 
CK I in peptides. Serine phosphate may be the more potent 
recognition determinant since peptides with a single serine phos- 
phate have lower K„, values than those with multiple glutamates 
or aspartates (33). This behavior suggests that phosphorylation 
by CK I can be regulated through a synergistic mechanism (32). 
The consensus sequence for CK I might be summarized as S(P>- 
X,-S*/T* > S(P)-X, .„ ,-S7T* > (D/E, 4 , X, ,.)-S*/T*. 

Casein Kinase II — Casein kinase II (CK II) requires the pres- 
ence of the acidic amino acid residues glutamate, aspartate, or 
(occasionally) serine phosphate immediately C-terminal (+1 to 
+3) to the phosphoacceptor serine/threonine. In synthetic pep- 
tides a single C-terminal acidic amino acid ;s sufficient for rec- 
ognition, with the optimal position being +3 (34-36). However, 
in protein substrates, the presence of multiple acidic residues 
appears to be strongly preferred since of 37 phosphorylation sites 
surveyed on 19 proteins, 30 had two or more aspartic or glutamic 
acid residues. The distribution of these residues was 23/37 at 
position +1, 28/37 at +2, and 26/37 at +3. in 10 cases the close 
clustering of CK II sites could allow an initial phosphorylation 
event to introduce an additional +1 to +3 acidic determinant for 
the second site, three of which would have the effect of increasing 
the number of acidic determinants from one to two. Thus, the 
consensus sequence for CK II can be summarized as S*/T*-(D/ 
E/S(F), X.,»). 

Phosphorylation Site Gecffnetry 

Early on it was recognized that geometry must help determine 
substrate specificity if only by denying access to potential phos- 
phoacceptor groups. This negative "veto" role was supported by 
the observation that denaturation often transformed proteins 
into or improved them as substrates (3, 4). Small et at (37) 
applied the Chou-Fasman secondary structure algorithm to 30 
phosphorylation sites and found that 80% were predicted to exist 
within jtf-turns. However, spectroscopic studies of synthetic pep- 
tides (38, 39) and the use of conformationally constrained pep- 
tides (40) indicate that they bind cAMP-PK in an extended coil 
conformation. cGMP-PK preferred extended coil peptides as well 
(40). An extended conformation would be consistent with the 
ability to manipulate many consensus sequences as if they were 
linear in space. The propensity with which phosphorylation sites 
occur near the N and C termini of proteins is also consistent with 
the idea that phosphorylation sites have extended (or extendable) 
conformations. On the othtr hand, given the wide range of protein 
kinases and phosphoproteins extant, it seems likely lha( protein 
phosphorylation sites must ex:~t in a variety of conformations 
not just extended ones. Fiol et at (30) have speculated that the 
frequency of proline and glycine residues proximal to GSK-3 
phosphorylation sites might indicate a requirement for -\ rMum 
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structure and the sites phosphoryiated by The AMP-PK also occur 
in regions predicted tc possess a high probability for forming 0- 
turns (18). Certainly for som. kinases the existence of special- 
ii.aJ, very intricate secondary/tertiary structures will no doubt 
form an important key to substrate recognition. The more dis- 
criminating the kinase, the t^ore likely that the determinants 
recognized are conformationally complex 

Protein Phosphatases 

Since kinases and phosphatases share common protein sub- 
strates, a natural question is whether they recognize these pro- 
teins by similar mechanisms. Early on it was recognized that the 
number of serine/threonine-specific protein kinases far out- 
stripped the number of serine/threonine-specific protein phos- 
phatases. Moreover, it was observed that many protein phospha- 
tases acted or • ^osp^oryl groups introduced by a number of 
different prcUa. Kinases, indicating that protein phosphatases 
recognize specificity determinants different from those of protein 
kinases. 

A frequently employed criterion for establishing that an en- 
zyme recognizes a consensus sequence on its target(s) is deter- 
mining whether it recognizes smaller fragments of substrate 
proteins containing the putative consensus sequence. In 1960, 
Graves et ai (41) observed that phosphorylase phosphatase would 
dephosphorylate, albeit slowly, a hexapeptide derived from phos- 
phorylase a. More recently, several phosphatases have been ob- 
served to dephosphorylate peptide substrates including pymvu'? 
kinase phosphatase (42), protein phosphatase 2 A (43, 44), and 
calcineurin (44, 45). Oftentimes the peptides that have shown 
promise as phosphatase substrates were much larger than those 
typically recognized by protein kinases. Blumenthal et ai (45), 
for example, systematically varied the length of a phosphopeptide 
modeled after the site on the type II regulatory subunit of cAMP- 
PK that is dephosphorylated by calcineurin. While a 19- residue 
peptide was dephosphorylated with kinetics comparable with the 
intact protein, decreasing the length to 15 residues simultaneously 
increased K m and decreased V m „ severalfold. Nolan et ai (1) 
reported that phosphorylase phosphatase dephosphorylated a 
terradecapeptide at a 15-fold greater rate than the hexapeptide 
of Graves etal (41). Such behavior implies that either the primary 
sequence "window" scanned by phosphatases is larger than that 
typically scanned by kinases, or that greater length is required to 
support the formation of higher order structures required for 
recognition. Attempts to resolve consensus sequences by testing 
peptides of varying sequence or by comparing sites on substrate 
proteins have revealed some general trends but have yet to yield 
any clearly defined consensus sequence. 

In general, control of protein phosphorylation is achieved 
through the selective activation of individual catalysts, protein 
kin wops, that »re specifically targeted toward the appropriate 
substrate proteins. The requirement for a handful of phospha- 
tases to counterbalance the activity of scores of kinases suggests 
the likelihood of fundamental differences in the nature of the 
mechanisms that control of protein phosphorylation and dcphos- 
phorylation. Among these is a much greater emphasis on mech- 
anisms such as substrate activation, through effector binding to 
substrates, etc., or catalyst translocation in the control of de- 
phosphorylation reactions (46). This emerging dichotomy in the 
control of protein kinase and protein phosphatase action suggests 
that the search for consensus sequences of the type that help 
provide the highly specific targeting required of many protein 
kinases may fail to yield similar results with regards to the protein 
phosphatases. 
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Emerging families of cytokines and receptors 

The structure of a TNF receptor-ligand complex 
shows at the molecular level how members of two 
growing families of cytokines and receptors interact. 

Not long ago, the cellular mediators known as cy- 
tokines were a loose collection of ill defined factors with 
pleiotropic activities. With characteristic urgency, molec 
ular biology has transformed the field, and cytokines 
are now known to form distinct clusters of functionally 
and genetically related proteins. The determination of the 
three dimensional folds of a number of cytokines has con- 
solidated the notion that they fall into distinct structural 
superfamilies. Thus, interleukin 1 (IL-1) and fibroblast 
growth factor (FGF) have a characteristic p- trefoil fold; 
nerve growth factor (NGF), platelet derived growth factor 
(PDGF) and transforming growth factor (3 (TGF p) adopt 
'cystine knot' folds; and the haemopoietic cytokines form 
four a helix bundles [ 1 ]. A parallel taxonomy is being de- 
veloped for the celJular receptors that transduce the bind- 
ing of cytokines into intracellular signals and that have also 
been found to share a small number of structural motifs 
[2]. 

As the predicted and determined structures of cytokines 
and their receptors can often be related to protein fold 
families, the conformation of any given cytokine-receptor 
complex should reveal general principles of the way mem 
bers of these broad families interact. Thus, the structure of 
a complex between growth hormone and its receptor, de- 
termined by X ray crystallography, provides an invaluable 
prototype for the interacting superfamilies of haemopoi- 
etic receptors and helical cytokines [2] . David Banner and 
colleagues have now unveiled another cytokine-receptor 
complex structure that promises to be equally informa 
five — that between a tumor necrosis factor (TNF) and 
its receptor (TNFR) (Fig. 1) [31-1 shall describe the key 
features of this new structure, which provides an oppor 
tunity to review two important structural superfamilies of 
receptors and ligands. 

Cytokine receptor superfamily 

The motif that defines this cytokine receptor superfam- 
ily was first observed in the sequence of the extracellu- 
lar chain of the p75 low-affinity NGF receptor ( UNGFR) 
as a four fold repeat of approximately 40 amino acids 
(known as a Cys repeat), punctuated by six conserved 
cysteine residues [4]. The motif was next encountered 
in three receptor like molecules with unknown ligands. 
OX-40, a marker of activated T cells in the rat; 4-1 BR. 
an inducible T cell antigen; and CD40, a B cell antigen 
involved in activation by T cells [4]. Though initially 
christened as the LNGFR superfamily' [41. this recep 
tor group is perhaps more aptly named tor reasons 
that will become clear as this review progresses - at 
ter wo more recent entrants. These are the pSS and 
p75 signalling receptors, called TNFR- 1 and TNFR 11 re 
spectively, for the related cytokines TNF a (also known as 
cachectin) and lymphotoxin ( LT, also known as TNF- (5) 



Fig- 1 Side view of the complex between lymphotoxin <LT) and 
the extracellular domain of TNFR-l [31. LT binds as a trimer (of 
which only two subunits, the green and indigo chains, are visible 
in this perspective) to three receptor subunits (magenta, cyan 
and red ribbons), which intercalate in grooves between the LT 
subunits. The carboxy termini of receptor and LT chains are re- 
spectively located at the top and bottom of the complex in this 
view (Photograph courtesy D Banner, reproduced with permission 
from [3]). 

[3,4]. LNGFR, which apparently has a non- signalling bio 
logical role as a cell- surface recruiter of neurbtrophins, is 
perhaps an escaped 1 TNF ligand receptor that has evolved 
to bind cytokines structurally unrelated to TNF a and LT 
promiscuously [1]. 

Recent additions to what I shall therefore refer to as 
the TNFR superfamily include Fas (or APO-1), a cell - 
surface antigen that can trigger apoptosis [5], CD27. an 
antigen identified on thymocytes and activated T cells 
[6] and CD30, an activation antigen from T cells that 
was first associated with Hodgkin s disease Reed Stern 
berg cells [7], Comparison of the sequences of human 
and mouse CD30 chains surprisingly suggests that, in 
the evolutionary lineage leading to man, there has been 
a relatively recent internal duplication of a segment ol the 
CD30 gene encoding three Cys repeats [Si. In addition, 
a human receptor induced by lymphocyte activation is 
likely to be the human 4 IBB antigen (9). A novel lui 
man TNFR homolog (TNFR h ) has also been identified 
from a cDNA library of sequences transcribed from a 
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chromosome lip fragment [H)| The closer relationship 
of TNFR-h to TNFR I and TNFR II in their ligand binding 
regions, and the fact that the TNFR-h gene maps close to 
that encoding TNRF I [10], suggests that TNFR-h might 
be a new receptor subtype for TNF -a or IT. Intriguingly, 
a recent paper reports the identification of an unusual 
TNFR related molecule expressed in human liver cells that 
specifically hinds T\F t but not I.T | 1 1 |. 
Animal poxviruses have been found to encode in their 
genomes soluble TNFR homologs that appear to sub 
vert the host immune response by actively binding TNF 
cytokines. This branch of the superfamily comprises the 
T2 gene products of MxTcoma and Sliope Fibroma viruses 
[4], and the related G4R and crmB proteins of Variola 
and Cowpox viruses, respectively. \ hint that this clever 
pathogen strategy may extend beyond viruses comes from 
the novel identification [12] of a primitive, fungal TNFR 
homolog that secreted in large amount by Cladosfxwium 
fitlrumvAwn it infects tomato plants. This 65 residue pro 
tein, called FCIM, is a minimal receptor that contains a sin- 
gle Cys repeat [13]; one can speculate that the host target 
of this pathogenic protein may be a protein mediator of 
the plant defense response. 

Modular binding domains 

The 2.9 A resolution structure of the LT-TNFR I com 
plex determined by Banner et al [3] reveals a globu 
lar cytokine trimer encaged by three slender receptor 
molecules, each receptor poised alongside a narrow seam 
dividing adjacent LT subunits. Each receptor ligand con 
tact site thus represents a spatially distinct but structurally 
equivalent interaction. Notably, a significant portion of the 
85 A length of the crystallographically resolved receptor 
chain — consisting of three and a half Cys repeats — ap 
pears not to be in contact with either ligand or another 
receptor subunit, and clearly protaides to the top and bot- 
tom of the bound LT trimer (Fig. 1 ). The opposing orien 
tations of receptor and ligand chains also offers a general 
explanation of the observed mode of cross cell binding 
between TNFR molecules and their membrane -tethered 
ligands. 

The TNFR I fold (Fig. l) confirms that the Cys repeat is an 
elongated protein module of approximately 30 A length, 
held together by conserved C1^C2, C3-C5 and C4-C6 
disulphide bonds [3]. The tandem array of Cys repeats 
in TNRF- 1 has the appearance of a spiralling ladder with 
rungs formed by successive disulfide bridges [3]. This 
is reminiscent of the internal disulfide scaffolds of some 
toxins [14] and also of the cystine knot cytokines [l ] — 
both, however, have protein topologies unrelated to that 
of the TNFR Cys repeat. The fold of an individual Cys 
repeat can best be described as a tandem arrangement 
of disulfide- tethered loops, where the C1-C2 link defines 
an amino-terminal loop module and an analogous C4-C6 
link defines a car boxy -terminal module (Fig. 2, inset). A 
C3-C5 link, which is occasionally missing [4,13], then ties 
the stalk connecting the two loop structures to the bot 
torn of the second loop (Fig. 2, sec inset); a conserved 
tyrosine or phenylalanine five residues carboxy terminal 
of CI also facilitates the packing of the two loop mod 
ules [3]. In this manner, the TNFR Cys repeat can be 
subdivided into two smaller folding units, each of ap 
proximately 20 amino acids. This explains the puzzling 



loss or truncation ol exact halt repeats m several super 
family receptors (repeat -i of TNFR -I and human CD30, 
repeal 3 of OX -40, 4- IBB and CD2"; see Fig. 2) The.se 
incomplete Cys repeats are likely to contain an intact 
CI -C2 or C4--C6 kx)p module and to be able to partici 
pate in binding. This structural decomposition of the Cys 
repeats correlates well with exon boundaries in a com 
posite map derived from the structures of the genes U>; 
LNGFR. TNRI'K I. CI)2"\ CDK), Fas and Ft MM \ \\ \. 
The observation that 4- IBB binds to a variety of extracel- 
lular matrix components has led Chalupny and colleagues 
[IS] to postulate a similariiy between the modular archi- 
tecture of TNFR superfamily molecules and the Cys rich 
repeats of laminin like proteins, in accord with an ear 
lier finding of Malleti and Barclay about OX-40 \-\\. The 
laminin Cys repeats are thought to fold as aberrant EGF 
repeats, with an extra disulfide link forming a tail kx)p 
[16], a topology unlike the observed fold of Cys repeats 
in the TNFR I crystal structure [3]. Structural studies of 
a nidogen binding fragment of laminin, containing three 
tdndem repeats [16], may soon clarify the relationship of 
adhesive molecules to cytokine receptors. 

Trimeric cytokines 

Apart from the neurotrophics that bind LNGFR, which 
have cystine knot folds [1,4], the known ligands of TN 
FRs form a distinct group of molecules homologous to 
TNF at and LT; whereas LT is secreted, the other TNF 
superfamily cytokines are first produced as type 11 mem 
brane proteins (Fig. 2). LT can in fact be anchored to the 
cell surface by forming heterorneric complexes with LT-p. 
the closest relative to the founding members of the TNF 
superfamily [17]. In descending order of sequence sim 
ilarity to TNF a and LT, the next three cytokines of the 
TNF family to be described are the ligands of the B cell 
and T cell antigens CD40 [ 18] , CO30 [19] and CD27 [20] 
(designated CD40-L, CD30-L and CD2" 7 L, respectively). 
Of the ~150 amino acids that comprise the extracellu 
lar, cytokine like domains of these molecules, only eight 
are absolutely conserved between all chains [13]. 
Crystallographic studies of TNF ot and LT have shown that 
the canonical TNF fold consists of two packed sheets 
of eight, antiparallel p strands, arranged in a p jelly roll 
topology with an amino terminal insertion that contains 
three additional, short p -strands [3,21], The p jellyroll 
'wedge' shapes of TNFs. with a broad base and taper 
ing peak, is reminiscent of \iral capsid proteins — in- 
deed, Chelvanayagam and colleagues [22] have compared 
available p jellyroll folds, including TNF-ot, in order to 
define rigorous geometric, topological and packing cri 
teria for the fold. Following a historical nomenclature 
labelling the strands from B to I, with B" and C denot 
ing consecutive strands in the inserted region, the TNF 
'inner sheet' hidden in the trimer complex is formed 
by strands B'-B-I-D-G in correct spatial order. Simi 
larly, the exposed 'outer' sheet is comprised of strands 
C'-C-1 1-E-F (Fig. 2, inset) [3,13,21,22]. As the elongated 
receptors bind in shallow grooves between cytokine sub- 
units packed in a trimer, most of the receptor contacting 
residues of the cytokine are kxated in the edge located 
strands B and B\ and strands E and F (Fig. 2, inset) — 
approximately 600 A 2 of surface area in each of these two 
LT sites is buried upon receptor binding [3]. Except for 
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surface loop rearrangements in these regions, complexed 
and uncomplexed LT t rimers are essentially unchanged 
in structure. In turn, receptor residues that contact the 
cytokine t rimer are mostly located on discrete regions of 
the two centra] Cys repeats of the TNFR-I fold [3j. 
Molecular modelling of the structure of CD40-I. based on 
the known TNF-a and LT protein scaffolds [23,24] has 
generated robust structures and provides assurance that 
the sparse amino acid identities between TNF superfamilv 
cytokines are sufficient to seed a conserved three dimen 
sional fold and quaternary assembly. The CI MO T mod 
els help to interpret the recently identified mutations of 
the CD40-L gene that are linked to X -linked hvper-IgM 
syndrome [13,24]. Point mutations and small deletions 
are most common: the former mostly map to predicted 
receptor-recognition sites in model 'CD40-L structures, 
and are thus proposed to hinder binding to CI MO, chain 
deletions are likely to disable the protein fold by eliminat 
ing critical parts of the protein framework [ 14,23,2-4] 
Before the IT TNFR I complex structure was known, 
receptor- binding sites of both TNF-a and IT were inferred 
by mapping the location of receptor blocking mutation*. 
>■ hemicaJ nh >dilu atx >ns and aiitilx K lv epit< >pes t< > the av.n L 
able tnmer stmctures [3,13,21 .23] . These studies did not 
seek to differentiate between the two available binding 
receptors lor both TNF -at and LT, TNFK 1 and TNFR If 
which have quite distinct biological activities and sig 
nailing pathways notably. TNFR I selectively mediates 



Fig. 2 Protein architectures of the 
TNFR and TNF superfamiles. (a) Shows 
schematically ten types of TNFRs (the 
prefixes give the species, as follows: 
h, human; m, mouse, r,rat) and two 
soluble receptor homologs {myx, myx- 
oma virus, d, Cladosponum tulvum). The 
ligand-binding regions of the receptors 
are divided into Cys repeats (coloured 
in shades from red to yellow), which 
can be further divided into two smaller 
modules (see inset). The location and 
nature of truncated or missing repeats 
is apparent from the number and color 
types of Cys repeats present in each 
receptor. The cytoplasmic domains fea- 
ture two main types of motif (pink and 
green) The TNF cytokine superfamily 
consists of amino'terminally anchored 
transmembrane precursors (except for 
soluble LT), characterized by a FJ-sand- 
wich fold (light and dark blue faces). The 
inset shows that the dark blue (5-sheet 
is made up of strands B"-BIDG, and the 
light blue 3-sheet is made up of strands 
C'-CHEF. (b) Shows unfolded, compos- 
ite receptor and ligand chains The up- 
per tube shows the Cys repeats of TN- 
FRs, with disulfide links between num- 
bered cysteines; <J>, conserved aromatic 
residues. The lower tube shows the eight 
p-strands of the cytokines, colored light 
or dark blue according to their p-sheet 
location, the boxed strands form the [3- 
jeliyroll insertion. Red circles mark the 
positions of cytokine residues thought 
to contact receptor subunits at two dis- 
tinct sites in the LT-TNFR-I complex [3], 

the cytotoxic activity of TNFs [2S]. Seeking a heightened 
ototoxic response of TNF-a towards malignant cells, Van 
Ostade et al. J 25 J latched onto an earlier observation that 
although human and mouse TNF-a bind equally well 
to the two human receptors, human TNF-a selectively 
binds to only mouse TNFR I and activates the cytotoxic 
response. A search of available mutants revealed that a 
single amino acid variant (Arg32-»Trp) of human TNF 
a produces a cytokine that is only capable of binding 
to human TNFR-I [26]. a finding with important thera- 
peutic potential. Guided by the new complex structure, 
similar protein engineering efforts for other cytokines will 
be greatly facilitated 

Signal transduction 

None of the TNFR superfamily molecules has an enzv 
mane domain in the region of the chain extending into 
the cytoplasm. Instead. TNFR signalling probably relies 
on the oligomeri/ation of cytoplasmic domains to un 
veil discrete chain motifs or create a composite tertiary 
epitope to attract molecules that are components of in 
trai ellular signal ii-annlm ti' <n pathways An apparent la*, k 
<»f a o >mnioi ] i -\ti ipl.iMiik di unain shared bv TNFK supei 
lamih members has been taken as a sign that different 
receptors generate unrelated activation signals | ti. The 
present work suggests that weak but significant features 
ol their sequences are likely to organize the receptors into 
three distinct classes that generate three (yjx-s of .signals 
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I he tusi receptor class is the recognized SllhglOUp uf 
I.XCIK, IM K I .iiki las, which share a common iMo 
pListnu seiiiiu-ni ut ^ 2(Hi residues [ H..T;, which in the 
i ol [M'[\ I and his i s implicated in the activation of 

c\i. it. .![ ;. ; a; >< >ph <tu (miction, respectively Isjs 
M-iM!!;.' '■. i :'hi-: dismissed l\(il'K as merelv an ineffectual 

■ ■ '• '< > !--'■■ ! 'Ni. >n< 'phin -lejulln:- t 1 * . 

... ' ■ ■ I ; .a t I he hot) ioI< < >l Us cvh iplasnm 

ivuitjn u> u lu * tt l as nia\ haw important biological con 
H'i|ik-!krs Kal >i/adeh c/ oil |JSj recently reported that 
LNCI'R is, like has, involved in the induction of apopto 
sis Die ifikT'.'Mini; kink in this story is that, in contra.st 
tt i I \1 K I and l as. I.NCil-'K c onsiitutively promotes neural 

0 il death unless, and not when, tri leered In SGI or an 
aniihod\ [JH 1 

The second receptor class is defined by the similarity of 
entire, hut short c\ toplasmic extensions of CI)2~\ a IBH, 
()\ h> ami CDfO. and regions at the carboxy terminal 
ends of CI H() and TNFK ii | 131 . In llie case of ■» IBB, 
this dotnain contains a Cvs Ar^ Cys Pro motif" similar 
to the sequence Cvs X Cys Pro found in the CI>i and 
CI)H cytoplasmic tails that directs binding of a Src family 
tyrosine kinase \ L K2 t -)\ - accordingly, Kim ft ai [29] now 
report a direct association of i IBB with p56 Ick . This i 
IBB motif is best conserved in the CI)2" chain [6]. The 
third group is dehned by exclusion and so far contains a 
single member TNTR II. 
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Summary 

In addition to the induction of tumor regression, tumor 
necrosis factor (TNF) has been implicated as the 
causative agent in a number of pathologies, including 
cachexia, septic shock, rheumatoid arthritis, autoim- 
munity, and induction of HIV expression. We propose 
that this complex physiology might be manifest by 
different forms of TNF: the 17 kd secretory compo- 
nent, the 26 kd transmembrane form, or both. To de- 
termine whether the 26 kd form of TNF was biologi- 
cally active and whether its biology differed from that 
of the secretory component, we generated uncleav- 
able and solely secretable mutants of TNF and studied 
their biological activities. We found that an uncleav- 
able mutant of the 26 kd cell surface transmembrane 
form of TNF kills tumor cells and virus-infected cells 
by cell-to-cell contact, and that TNF need not be inter- 
nalized by its target to kill. Thus, the 26 kd integral 
transmembrane form of TNF may function in vivo to 
kill tumor cells and other targets locally in contrast to 
the systemic bioactivity of the secretory component. 

Introduction 

Previously we described the existence of the 26 kd cell 
surface transmembrane form of tumor necrosis factor 
(TNF), a molecule that appears to serve as a precursor to 
the 17 kd secretory component (Kriegler et al., 1988). This 
cell surface transmembrane form is present on the sur- 
face of activated monocytes (Luettig et at., 1989) as well 
as activated T cells (Kinkhabwala et al., 1990). We pro- 
pose that the complex physiology of TNF, best character- 
ized by its involvement in tumor regression (Old, 1985), 
septic shock, cachexia (Beutler et al., 1985a, 1985b; Beu- 
tler and Cerami, 1986; Tracey et al., 1986, 1987; Old, 1987; 
Oliff et al. , 1987), autoimmunity (Held et al. , 1990), and the 
induction of HIV expression (Rosenberg and Fauci, 1990) 
might reflect both the type of TNF expressed by a cell and 
the location and distribution of TNF-expressing cells in the 
body. We also suggest that activated monocytes synthe- 
size transmembrane TNF at the site of inflammation and 
kill their targets by either cell-to-cell contact through the 
transmembrane form of TNF or local release of the TNF 
secretory component. In contrast, septic shock and ca- 



chexia might result from acute or chronic systemic activa- 
tion of monocytes, resulting in the widespread release of 
the TNF secretory component into the circulation of the af- 
fected individual. Furthermore, we suggest that cell-borne 
cytokines and cytotoxins may be the primary mediators of 
directed inflammatory responses. In our earlier experi- 
ments we were unable to separate the biological activities 
of the two forms (26 kd and 17 kd) of TNF and thus were 
unable to test the hypotheses proposed above. 

In an attempt to separate the functions of these two TNF 
forms we genetically engineered mutant forms of the wild- 
type TNF cDNA. Mutant genes were generated that could 
potentially encode both uncleavable forms of 26 kd TNF 
and a solely secretable form of 17 kd TNF These mutant 
genes were inserted into a retroviral expression vector, 
transfected into tissue culture cells, and subsequently 
analyzed. 

Results 

The 26 kd TNF Molecule Is Cleaved to the 17 kd 
Secretory Component at Multiple Sites 

To generate uncleavable mutants of 26 kd TNF, we gener- 
ated a family of mutants of the wild-type TNF gene from 
which we had deleted, via site-directed mutagenesis, the 
codons encoding the known TNF cleavage site between 
amino acid residues -1 and +1 of 26 kd TNF, as well as 
various combinations of flanking amino acids. Mutant 
genes were generated from which the amino acids +1 to 
+ 5, -3 to +5, and -3 to -1 were deleted (Figure 1). 
These mutated genes were inserted into a retroviral ex- 
pression vector, PRV (a derivative of pFVXM). The resul- 
tant mutant TNF retroviral genomes were cotransfected 
with a P-actin-neo r plasmid into NIH 3T3 cells. Trans- 
fected cells were identified after selection with G418. In- 
dividual colonies were isolated and subsequently ana- 
lyzed for TNF production by two criteria: first, metabolic 
labeling of both cell lysates and cell supernatants with 
[ 35 S]cysteine followed by immunoprecipitation with anti- 
TNF antiserum and subsequent polyacrylamide gel elec- 
trophoresis and autoradiography; and second, analysts of 
TNF cytotoxicity in cell culture supernatants. Examination 
of the autoradiograms revealed the presence of an im- 
munoreactive 17 kd molecule in the supernatants of cells 
transfected with the plasmid encoding the presumably 
"uncleavable" 26 kd TNF molecule (Figure 1). Similar- 
ly, media supernatants derived from such cultures were 
found to be positive for TNF cytotoxicity, each roughly 
equivalent to wild-type TNF transfectants (data not shown). 

Thus, we concluded that, at least in this cell line, the 26 
kd molecule is cleaved at an additional site outside of the 
-3 to +5 region spanning the original cleavage site. Fur- 
thermore, cleavage at this other site does not inactivate 
the 17 kd secretory component. To determine whether this 
cleavage was merely a property of NIH 3T3 cells we 
cotransfected Chinese hamster ovary (CHO) cells with the 
wild-type and mutant TNF retroviral constructions. Immu- 
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Figure 1. Schematic Depiction and Immuno 
precipitation Analysis of Initial TNF Cleavage 
Mutants 

(A) Diagram of deletion mutants flanking and 
spanning the 26 kd TNF cleavage site between 
amino acids -1 and +1 (indicated by inverted 
triangle). 

(B) Immunoprecipitation analysis of [^SJcys- 
teine- labeled cell lysates derived from cell lines 
transfected with expression plasmids encoding 
the cleavage mutants depicted in (A). Lane A, 
wild-type TNF; lane B, A1-5; lane C, A-3 -5; 
lane D, A-3-(-1); lane E, vector control. 
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noprecipitation and bioactivity analyses of the producers 
of these cell lines revealed a phenotype identical to that 
observed in NIH 3T3 cells (data not shown). 

An Uncleavable Mutant of TNF Kills Tumor Cells 
by Cell-to-Cell Contact 

We generated additional deletion mutants of the wild-type 
TNF gene to determine where the alternate TNF cleavage 



site was located. Deletion mutants lacking both the known 
cleavage site and various numbers of codons either 5' or 
3' to that site were generated. These mutant genes were 
inserted into a retroviral expression vector and cotrans- 
fected with pP-actin-neo into NIH 3T3 cells. Isolated 
G418-resistant clones were analyzed by immunoprecipita- 
tion analysis as described above. The results of this analy- 
sts indicate that deletion mutants removing the 12 or more 
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, Figure 2 Schematic Depiction of TNF Mu- 
tants Lacking Both the Initial and Additional 
Cleavage Sites 

Initial site is indicated by inverted triangle. 
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Figure 3. Immunoprecipitation Analysis of Cell Lysates and Superna- 
tants Derived from Cell Lines Expressing TNF Cleavage Mutants Lack- 
ing Both the Initial and Additional Cleavage Sites 
Isolated clones transfected with plasmid clones expressing wild-type 
and mutant TNF cDNAs described in Figure 2 were labeled with 
[ 35 S]cysteine, lysed, immunoprecipitated, and subjected to autoradi- 
ography as described. Both cell lysates and cell supernatants are 
shown. Cell lysates, lanes A, C, E, G, I, and K; culture supernatants, 
lanes B, D, F, H, J, and L. Lanes A and B, vector control; lanes C and 
D, wild-type TNF; lanes E and F, A1-12; lanes G and H, A1 + 12; lanes 
I and J, A1 + 13; lanes K and L, y SIG. 



codons 3' to the known cleavage site encode TNF mole- 
cules that are not cleaved in the cytoplasm or extracellu- 
larly. Deletion of 1 1 or fewer codons 3' to the known cleav- 
age site does not block cleavage in the cytoplasm and 
subsequent extracellular release (data not shown). 

To map the fine structure of the nucleotide sequence en- 
coding the alternate cleavage site we generated both sin- 



gle codon deletion and amino acid substitution mutants 
flanking the known and alternate 26 kd TNF cleavage 
sites (Figure 2). Although amino acid substitutions at posi- 
tions -1 and +1 and +12 and +13 resulted in a reduction 
in processing of the now-mutated forms of 26 kd TNF in 
the cytoplasm, only the complete deletion of amino acids 
+ 1 through +12 (A1-12) or amino acids +1 and +12 
(A1+12)or +1 and +13 (A1 + 13) eliminates processing of 
the 26 kd molecule when cell lysates are examined. Ex- 
amination of immunoprecipitates of metabolically labeled 
cell supernatants yields a somewhat unexpected result. 
Unlike the mutant A1-12, the mutants A1+12 and A1+13 
are exclusively cleaved extracellularly. This is in striking 
contrast to the processing of the wild-type 26 kd TNF mol- 
ecule, which is primarily cleaved in the cytoplasm of the 
producer cell (Figure 3). We note the presence of an im- 
munoprecipitable band of higher molecular weight than 
26 kd in lysates of cells producing TNF A1-12 and TNF 
A1+13. These bands are observed in all transfectant 
clones for these two particular mutants but not for all 
cleavage mutants. The origin of this additional band is un- 
known. 

The phenotype of these uncleavable 26 kd TNF mu- 
tants is most striking. To evaluate the bioactivity of the un- 
cleavable mutants, we employed a TNF plaque assay de- 
scribed previously by Kriegler et al. (1988, 1989). In this 
assay cells producing wild-type and mutant TNF mole- 
cules are plated and allowed to form colonies. These colo- 
nies are then overlaid with TNF-sensitive L929 cells and 
soft agar. After incubation for 24 hr at 37°C plaques or kill- 
ing zones can be seen. Colonies producing wild-type TNF 
exhibit diffuse killing zones considerably larger than the 
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Table 1 . 


Analysis of TNF Mutant Cytotoxicity on Tumor Cells and Virally Infected Cells 














Effector Cells 












Target 


Virus B 


E:T 


NIH 3T3 


WT 


A1-12 


A1 + 12 


A1 + 13 


y SIG 


LM 


40 ± 3 


0.1:1 


0 ± 2 


92 ± 3 


49 ± 5 


18 ± 6 


6 ± 2 


84 ± 4 






1:1 


-3 ± 3 


99 ± 5 


75 ± 4 


62 ± 6 


4 ± 3 


94 ± 3 


C3HA 


30 ± 1 


0.1:1 


-2 ± 1 


1 ± 0 


- 1 ± 1 


1 ± 1 


4 ± 1 


2 ± 0 






1:1 


- 1 ± 1 


2 ± 0 


-2 ± 1 


1 ± 1 


1 ± 2 


4 ± 2 


C3HA 


Ad5 29 ± 1 


0 11 


-4 ± 1 


-3 ± 1 


- 1 ± 2 


-5 ± 1 


3 ± 4 


-4 ± 1 






1:1 


- 1 ± 1 


- 1 ± 4 


-4 ± 2 


-2 ± 2 


-2 ± 2 


-3 ± 1 


C3HA 


d7762 45 ± 2 


0.1:1 


5 ± 3 


53 ± 3 


34 ± 7 


10 ± 1 


-1 ± 1 


26 ± 3 






1:1 


-10 ± 3 


51 ± 4 


60 ± 6 


25 ± 4 


-5 ± 3 


34 ± 2 



Results are expressed as the percent of specific 51 Cr release, which equals 100 times 51 Cr cpm released from cells incubated with effector cells 
minus 51 Cr cpm released in the presence of medium alone divided by 51 Cr Cpm released in 1 N HCI (maximum release) minus 51 Cr cpm released 
in medium alone. Spontaneous release of 51 Cr by cells incubated in medium alone ranged from 29% to 45%. B, background expressed as the 
percentage of maximum 51 Cr cpm released. E:T, effectontarget cell ratio. 



colonies themselves. This is due to the fact that the 17 kd 
secretory component can diffuse through the soft agar 
and thus manifest its bioactivity over an area larger than 
the colony producing the wild-type TNF (Figure 4). 

When subjected to the identical assay, the TNF mutant 
A1-12 displayed a much smaller killing zone that ap- 
peared only directly above the colony. In fact, microscopic 
examination of the killing zone reveals that L929 cell kill- 
ing occurs only where the colony producing TNF is in di- 
rect contact with the L929 target. There is no diffusion of 
cytotoxicity through the agar overlay. Although the TNF 
mutant A1+12 is cleaved extracellularly, its plaque pheno- 
type is identical to that of the A1-12 mutant, despite the 
fact that we observe an immunoreactive, 17 kd TNF spe- 
cies in the supernatant of TNF A1 + 12 producer cells. This 
suggests that the 26 kd cell surface form of the molecule 
can kill, but when cleaved extracellularly the digestion 
product is no longer bioactive. An analysis of supernatants 
derived from these lines in a conventional L929 TNF bio- 
assay confirms that the supernatants are negative (data 
not shown). The molecular structure of this mutant TNF 
cleavage product is under investigation. 

The TNF mutant A1+13 formed no plaques whatsoever 
when subjected to the identical plaque and conventional 



TNF bioassays described above. In addition, no TNF bio- 
activity could be detected in the culture supernatants of mu- 
tant A1+13, although an immunoreactive 17 kd TNF spe- 
cies could be detected in culture supernatants (Figure 3). 

To determine whether this lack of bioactivity of the TNF 
A1 + 13 was due to its inability to migrate to the cell surface, 
wild-type TNF and mutant TNF producer cells were radio- 
iodinated. Autoradiographic analysis of immunoprecipi- 
tated, electrophoresed products revealed that both wild- 
type and mutant forms of 26 kd TNF are found on the cell 
surface (data not shown). 

An Uncleavable Mutant of TNF Kills Virally 
Infected Targets by Cell-to-Cell Contact 

Additional experiments were performed to determine 
whether the uncleavable TNF mutants described above 
could kill virally infected targets as reported previously for 
wild-type 17 kd TNF (Gooding et al., 1988). Target murine 
C3HA cells are not susceptible to TNF-mediated cytolysis. 
Target C3HA cells infected with wild-type adenovirus 5 are 
also resistant to TNF-mediated cytolysis. However, C3HA 
cells infected with an adenovirus mutant (oV762) lacking 
the 14.7 kd E3 protein are sensitive to TNF-mediated cytol- 
ysis and as such are attractive targets for characterization 



Table 2 Antibody Neutralization of TNF Mutant Cytotoxicity on Tumor Cells and Virally Infected Cells 



Target 


Virus 


Ab 


DILN 


B 


E:T 


Effector Cells 
y SIG 


A1-12 


A1 +12 


WT 


LM 




None 




47 ± 3 


1:1 


94 ± 3 


86 ± 2 


59 ± 1 


90 ± 7 






NRS 


1/40 


43 ± 3 


1:1 


82 ± 2 


70 ± 5 


53 ± 3 


73 ± 6 






Anti-TNF 


1/40 


47 ± 3 


1:1 


-5 ± 1 


5 ± 2 


12 ± 3 


4 ± 1 


C3HA 


(#762 


None 




48 ± 2 


1:1 


66 ± 4 


44 ± 3 


34 ± 2 


37 ± 2 






NRS 


1/40 


48 ± 2 


1:1 


57 ± 2 


47 ± 3 


40 ± 2 


25 ± 1 






Anti-TNF 


1/40 


48 ± 2 


1:1 


-3 ± 2 


-2 ± 1 


-2 ± 1 


-4 ± 1 



Results are expressed as the percent of specific 51 Cr release, which equals 100 times 51 Cr cpm released from cells incubated with effector cells 
minus 51 Cr cpm released in the presence of medium alone divided by 51 Cr Cpm released in 1 N HCI (maximum release) minus 51 Cr cpm released 
in medium alone. Spontaneous release of 51 Cr by cells incubated in medium alone ranged from 43% to 48%. Ab, antibody. B, background ex- 
pressed as the percentage of maximum 51 Cr cpm released. E:T, effector: target cell ratio. 
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of the bioactivity of the cleavage mutant on a virally in- 
fected target. 

The uninfected and infected cell lines described above 
were labeled with 51 Cr and incubated in the presence of 
wild-type and mutant TNF producer cell lines. Post incu- 
bation, the culture supernatants were analyzed for chro- 
mium release (Table 1). The results of these coincubation 
experiments demonstrate that wild-type, mutant A1-12, 
and mutant A1 + 12 are cytotoxic and mutant A1 + 13 is not, 
and that cytotoxicity is generally dependent on effec- 
tor:target cell ratio. This observation is consistent with the 
tumor cell cytotoxicity data above (Figure 4 and Table 1). 
Furthermore, the cytotoxicity reported in Table 1 can be 
neutralized with anti-TNF antiserum (Table 2), demonstrat- 
ing that the cytotoxicity is TNF dependent. 

TNF Need Not Be Internalized by the Target Cell 
to Kill 

To determine whether the uncleavable, cytotoxic cell sur- 
face form of TNF was cleaved when it interacted with its 
target, TNF A1-12 mutant-transfected cells were coculti- 
vated for various times with either TNF-sensitive L929 
cells or TNF-insensitive CHO cells. Post incubation, mixed 
cell populations were lysed and subjected to Western 
analysis. Western blots were probed with anti-TNF antise- 
rum. Under no conditions could we detect any processing 
of the uncleavable 26 kd molecule. Reconstruction experi- 
ments in the presence and absence of coincubation ly- 
sates indicate that our detection sensitivity in these ex- 
periments was <7 pg of TNF per sample (Figure 5 and 
data not shown). 

26 kd Transmembrane TNF Is Not Synthesized 
to Protect Producer Cells from TNF Toxicity 
during Translation and Release 

The 26 kd transmembrane TNF molecule might also func- 
tion as a prohormone form of the molecule that serves to 
protect the TNF-producing cell from the potential ravages 
of intercellular 17 kd TNF. To test this hypothesis, we 
generated a mutant TNF gene in which we had sub- 
stituted the DNA sequence encoding the human y-inter- 
feron signal peptide for the codons encoding the 76 amino 
acid transmembrane leader of 26 kd TNF (Figure 6). Upon 
transfection into a cell, such a gene should encode a TNF 
molecule of ~17 kd that is cotranslationally inserted into 
the lumen of the rough endoplasmic reticulum and subse- 
quently secreted. If 17 kd TNF is toxic to the producer cell 
in either the rough endoplasmic reticulum or the secretory 
apparatus, then stable transfectants producing 17 kd TNF 
should be unobtainable. However, after cotransfection 
and selection with a neo r plasmid, 17 kd TNF producers 
can be obtained (Figure 4, panel 3B). Metabolic ally la- 
beled cell iysates and cell supernatants derived from cell 
lines producing this mutant, TNF y SIG, are found to con- 
tain only the 17 kd immunoreactive form of TNF (Figure 3, 
lanes K and L). The TNF molecules found in the superna- 
tants of such producer cells are biologically active as well. 
When compared with their wild-type counterparts, TNF y 
SIG cell lines produce ^5-fold more secretable TNF per 
unit time (data not shown). 



ABCDEFGH I J KL 

I -: 



26 kD 



17 kD — 



B 



A B C D E F G 



26 kD 
17 kD 



AB CDEFGHI 



26 kD — 



17 kD — 



Figure 5. Cleavage Analysis of the Uncleavable Mutant A1-12 during 
Killing of TNF-Sensitive Target Cells 

Cells producing tbe TNF mutant A1-12 were comcubated with media 
atone, TNF-sensitive L929 cells, or TNF-resistant CHO cells for 0.5, 6, 
12, 18, and 24 hr, after which Iysates of the cocultivations were sub- 
jected to Western analysis. 

(A) Lane A, molecular weight markers (14, 21. 30, 46, 69, 92, and 200 
kd) lane B, 26 kd and 17 kd TNF markers; lanes C-G, A1-12 mutant 
+ media at 0.5, 6, 12, 18, and 24 hr; lanes H-L, A1-12 mutant + L929 
cells at 0.5, 6, 12. 18, and 24 hr. 

(B) Lane A, molecular weight markers; lane B, 26 kd and 17 kd TNF 
markers; lanes C-G, A1-12 + CHO cefls at 0.5. 6, 12, 18, and 24 hr 

(C) Sensitivity titration of Western analysis for 17 kd TNF. Lane A, mo- 
lecular weight markers; lane B, 26 kd and 17 kd TNF markers; lanes 
C-l. decreasing amounts of recombinant TNF: 1.95 ng, 488.5 pg. 122 
pg. 30.55 pg, 7.65 pg, 1.9 pg, 478 fg, 119.5 fg, 29.9 fg, and 7.5 fg. 



Discussi n 

The experiments described in this paper were conducted 
to test the hypothesis that the complex physiology of TNF 
could be a reflection of differences in which the TNF mole- 
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Figure 6 Schematic Depiction of TNF y StG 
Mutant 

(A) Diagram of wild-type TNF cDNA. 

(B) Nucleotide and amino acid sequence of 
y-interferon signal peptide replacing the trans- 
membrane domain of wild-type TNF in the TNF 
y SIG mutant 
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cute is presented as a transmembrane molecule or as a 
secreted molecule. Our first step was to generate, through 
genetic engineering, a pure population of either the trans- 
membrane form of the molecule or the secretory compo- 
nent. During our attempts to generate an uncleavable 
form of 26 kd TNF through site-directed mutagenesis, we 
found that, at least in the NIH 3T3 and CHO cells tested, 
there existed a second cleavage site in the 26 kd TNF 
precursor This second site appears to be flanked by 
codons 12 and 13 of the gene sequence encoding the 17 
kd, mature form of TNF. Our findings are different than 
those reported by Cseh and Beutler (1989). For murine 
TNF, they report a scission in the transmembrane domain 
of the molecule ten amino acids before the natural cleav- 
age site. This difference is possibly due to the different 
species analyzed, the different cell lines analyzed, and 
the different methods employed. 

In experiments with the uncleavable mutant A1-12, we 
were able to determine that this mutant 26 kd form of the 
molecule, when it decorates the cell surface, can kill both 
tumor targets and virally infected cells by cell-to-cell con- 
tact. Our plaque assay for tumor cell killing demonstrates 
that the killing is not due to the production of any diffusible 
substance. This observation is not without precedent. The 
elegant studies of Wong et al. (1989), Brachman et al. 
(1989), and Anklesaria et al. (1990) demonstrate the bioac- 
tivity of mutant uncleavable cell surface transmembrane 
forms of transforming growth factor a. 

Our results strongly suggest that the TNF need not en- 
ter a target cell to kill it. Western analysis of whole-cell ly- 
sates of TNF-susceptible cells coincubated with cells 
producing the TNF mutant A1-12 reveals that, within the 
limits of our detection technology, no processing of the 26 
kd form to the 17 kd form occurs. We cannot of course rule 
out the possibility that there are a few undetectable, cyto- 
toxic molecules that are cleaved from mutant TNF 26 kd 
form and subsequently enter the target cell and kill. If this 
were the case, one would expect to see some diffusion of 
cytotoxicity in the plaque assay, as least from the largest 
colonies producing the mutant, uncleavable TNFs, be- 
cause such colonies produce the most TNF, and diffusion 
through soft agar is concentration dependent. No diffu- 



sion zone, large or small, is detected around even the 
largest TNF A1-12 producer colonies. One possibility that 
we cannot rule out is that, upon binding to a receptor on 
the target cell, an undetectable amount of the A1-12 TNF 
mutant 26 kd molecule is cleaved and internalized, and 
subsequently kills the target. Such a molecule would not 
diffuse and thus would not be detected in the plaque as- 
say. The production of pure preparations of the TNF 
receptor (Loetscher et al., 1990; Schall et al., 1990) ex- 
pressed from molecular clones should enable us to an- 
swer this question. 

The TNF mutant A1 + 12, when presented on the surface 
of a producer cell, kills target cells. Culture supernatants 
derived from these cells manifest no cytotoxicity in any of 
our bioassays. Therefore, we were surprised that the ex- 
tracellular cleavage of this molecule results in the appear- 
ance of an immunoreactive 17 kd TNF molecule in the cul- 
ture supernatants. The essential difference between this 
mutant and TNF A1-12 is that the amino acids +2 through 
+ 11 remain intact. It appears that the retention of these 
amino acids permits the cellular surface molecule to be 
cleaved extracellularly and that this extracellular cleavage 
inactivates the 17 kd molecule. 

When presented on the surface of a producer cell, the 
TNF mutant A1 + 13 does not kill target cells. Culture su- 
pernatants derived from these cells also manifest no cyto- 
toxicity in any of our bioassays. This cell surface 26 kd 
molecule is also cleaved extracellularly. The essential 
difference between this mutant and TNF A1+12 is that 
amino acid 13 is deleted instead of amino acid 12. How 
these subtle amino acid differences affect the bioactivity 
of TNF remains a mystery, but an analysis of this problem 
may provide insight into the mechanism of action of TNF. 

The results of these experiments have enabled us to 
generate: first, transplantable cell lines producing wild- 
type TNF, a cytotoxic uncleavable 26 kd TNF mutant, and 
a solely secretable form of 17 kd TNF; and second, infec- 
tious recombinant retroviruses encoding these forms of 
TNF Such reagents should enable us to separate the 
pathologies associated with these different forms of TNF 
in animals in model systems such as these described by 
Oliff et al. (1987). These experiments are underway. 
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Experimental Procedures 
Cell Culture 

L929 and LM celts were obtained from the American Type Culture Col- 
lection (Rockville, MD) and were grown in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10°/o fetal calf serum (FCS, 
GIBCO). NIH 3T3 cells were also obtained from ATCC and were grown 
in DMEM with 10% calf serum (GIBCO). Mouse C3HA fibroblasts were 
derived in DMEM, 10% FCS as described by Gooding (1979). Human 
KB cell maintenance and adenovirus preparation were as described 
by Green and Wold (1979). CHO cells were maintained in DMEM, 10% 
FCS and were a gift from Allen Oliff. 

df762 is derived from the Ad2-Ad5 recombinant virus reclOO by de- 
letion of the region encoding the E3-14.7 kd protein, leaving the re- 
mainder of the E3 region intact (W S. M. Wold, personal communi- 
cation). 

Plasmfd Constructions 

pRV is a pUC derivative of pFVXM, which was described previously 
(Kriegler et al., 1988). The Pstl fragment containing the human TNF 
cDNA gene was excised from B11 (Wang etal., 1985) and inserted into 
the Pstl site of pRV to produce pRVTNF. 

TNF mutants were constructed by established techniques of site- 
directed mutagenesis (Kramer et al. r 1984). The Pstl fragment of each 
TNF mutant was cloned into the Pstl site of pRV pRVTNFA(1-12) was 
generated by using oligonucleotide 5'-TACAACATGGGCTACTGCCTG- 
GGCCAGAGG-3', which deleted the DNA sequence that codes for 
amino acids +1 through +12. pRVTNFA(1 + 12) was generated by 
using oligonucleotides 5'TCGAGAAGATGATCTTGCCTGGGCCAG- 
AGG-3', which deleted amino acid +1, and 5 '-TAC A AC ATG G G CTAC CT- 
TGTCACTCGGGGT-3\ which deleted amino acid +12. pRVTNFA(1 + 13) 
was generated by using the oligonucleotide that deleted amino acid 
+ 1 and oligonucleotide 5 '-TG CTAC A AC ATG G G C AG G CT TGTC ACTC - 
GG-3', which deleted amino acid +13. pRVTNF^SlG was generated by 
using oligonucleotide 5'TCG AG A AG ATG ATCTG AC G CCA AG AG A AC - 
CCA A A AC G ATG C AG AG CTG A A A AGC C A AG ATATA ACT TGTATAT T T - 
C ATG GTGTC CT TTCCAG GG G -3 ' , which exchanged the DNA sequence 
that codes for amino acids -76 through -1 of TNF (the leader peptide) 
for the DNA sequence that codes for amino acids -20 through -1 of 
/-interferon (the signal peptide. Gray et at., 1982). 

$-aciin-nBo was constructed from the 4.3 kb EcoRI-Alul fragment 
from the human p-actin gene isolate pUTp-17 (Leavitt et al., 1984), the 
Bglll fragment containing the neomycin resistance gene from the TN5 
transposon (Beck et al., 1982), and the BamHI-Clal fragment from 
pcDVl (Okayama and Berg, 1983), which contains the pBR322 am- 
picillin resistance gene, bacterial origin of replication, and the SV40 
late region polyadenylation signal. 

Plasmid DNA was prepared according to the procedure of Birnboim 
and Doly (1979), banded twice in cesium chloride, and exhaustively dt- 
alyzed in TE buffer (10 mM Tris [pH 8.0], 1 mM EDTA) 

DNA Transfection 

NIH 3T3 cells were seeded at 5 x 10 5 cells/100 mm dish and cotrans- 
fected with 1 ug of 0-acttn-neo and 10 ug of either pRV or the pRVTNF 
series of plasmids using conditions as described previously (Kriegler 
et al., 1984) 

L929 Plaque Assay 

Culture dishes with G418-resistant colonies were overlaid with L929 
cells at a density of 7.3 x 10* cells/cm 2 When the cells attached, after 
30 mm, the medium was aspirated and the cells were overlaid with 
DMEM supplemented with 10% FCS and 0.9% Noble agar After incu- 
bation at 37°C for 48 hr, the agar was carefully removed from plates 
and cells were fixed and stained in a solution of PBS. 1 .2% glutaralde- 
hyde, 0.1% methylene blue 

Cytotoxicity Assays 

On day 1, C3HA cells were infected with Ad5 or oV762 at 60 pfu/cell 
(>95% infection) or mock infected 3 hr after plating at 1 x 10 6 
cells/100 mm tissue culture dish Two hours after infection, cells were 
washed and 200 uCi of Na 2 5, Cr0 4 (New England Nuclear) was added 
to each dtsh and incubated overnight On day 2, effector cells were 



trypsmized, pelleted, and resuspended at 2 x 10 6 cells/ml. Cells were 
plated into 96-well flat-bottomed plates at varying densities. Two hours 
later supernatants were removed and 100 nl of fresh medium was 
added. 5l CMabeled target cells were trypsmized, pelleted, and 
resuspended to 1 x 10 5 cells/ml Target cells (100 uJ) were added to 
each well containing the effector cells and incubated tor 20 hr at 37°C 
and 8% C0 2 Plates were centrifuged at 180 x g for 10 mm, and a 
100 mI sample of supernatant was removed and counted on a Cobra 
B5005 gamma counter. Results are expressed as the percent of spe- 
cific 51 Cr release, which equals 100 times 51 Cr cpm released from 
cells incubated with effector cells minus 51 Cr cpm released in the 
presence of medium alone divided by 51 Cr cpm released in 1 N HCl 
(maximum release) minus 51 Cr cpm released in medium alone. Spon- 
taneous release of 51 Cr by cells incubated in medium alone ranged 
from 29% to 48%. 

LM cells were not infected with viruses but were 51 Cr labeled and 
incubated with effector cells and processed as above. 

Metabolic Labeling of Cells 

Cell populations were labeled with [ 35 Slcysteine as described previ- 
ously (Kriegler, 1990). 

Radioiodination 

Intact cells were radioiod mated in 24-well plates with 125 l and en- 
zymobeads (Bio-Rad) according to the manufacturer's instructions. 

Immunoprecipitation 

353. or i25|_ labeled samples were immunoprecipitated with rabbit anti- 
human rTNF (Cetus) antisera following conditions described previ- 
ously (Kriegler, 1990). 

Western Analysis 

Samples were resolved on 12% SDS-PAGE and electrophoretically 
transferred to nitrocellulose membranes (Towbm et al., 1979). Filters 
were blocked and reacted with antibody. The bound antibody was de- 
tected nonisotopically by reacting with goat anti-rabbit IgG horseradish 
peroxidase conjugate (Bio-Rad) followed by incubation with either 
peroxide and 3,3',5,5'-tetramethylbenzidine (Wong et al., 1986) or en- 
hanced chemiluminescence reagents (ECL; Amersham), following 
manufacturer's instructions and exposing XAR-5 X-ray film (Kodak) or 
Hyperfilm (Amersham) to the ECL-treated filter 

Cocultivation and Cleavage Analysis 

TNF 4(1-12) cells were seeded at 4 x 10 6 cells/60 mm dish. Twenty- 
four hours later these cultures were overlaid with either no cells, 4 x 
10 6 L929 cells, or 4 x 10 6 CHO cells Cultures were lysed at 0.5, 6.0, 
12 0, 18 0, and 24.0 hr after overlay. Cell lysates were subjected to West- 
ern analysis. 
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Summary 

Tumor necrosis factor (TNF) is a monocyte-derived 
cytotoxin that has been implicated in tumor regres- 
sion, septic shock, and cachexia. The mechanism by 
which TNF induces these different disease states is 
unclear. We have identified and characterized a novel, 
rapidly inducible cell surface cytotoxic integral trans- 
membrane form of TNF. The existence and behavior of 
this novel form of TNF may explain the complex physi- 
ology of this molecule. We suggest that activated 
monocytes synthesize transmembrane TNF at the site 
of inflammation and kill their targets by either cell-to- 
cell contact or local release of the TNF secretory com- 
ponent. In contrast, septic shock and cachexia may re- 
sult from either acute or chronic systemic activation of 
monocytes, resulting in the widespread release of TNF 
secretory component into the circulation of the af- 
fected individual. We further suggest that cell borne 
cytokines and cytotoxins may be the primary media- 
tors of directed inflammatory responses. 

Introduction 

Tumor necrosis factor is the name given to a factor that ap- 
pears in the serum of affected animals during the acute 
phase of an inflammatory response. This factor is cyto- 
toxic for some tumor cell lines in vitro and causes the 
necrosis of certain tumors in vivo (for review, see Old, 
1985). The phenomenon was first described late in the last 
century when physicians noted rare spontaneous regres- 
sions of tumors in cancer patients. In several instances 
the regression occurred in coincidence with the onset of 
an infectious disease. 

In an attempt to recreate this situation, physicians in- 
fected terminally ill cancer patients with a variety of infec- 
tious agents. Unfortunately, they were unable to control 
the severity of the infections and, as a result, did more 
harm than good. To overcome this problem, patients were 
injected with lysed filtrates of selected bacteria. This ap- 
proach proved more successful than the former. In fact, 
one particular lysate preparati6n, Coley's Toxin, was, until 
the advent of chemotherapy and radiation therapy in 1934. 
the only method approved for the systemic treatment of 
cancer 



After 1934, clinical research on bacterial toxins as an- 
titumor agents subsided. However, research on the effects 
of bacterial toxins on murine tumors continued. Further 
research indicated that the bacterial component essential 
for cell killing was the lipopolysaccharide (LPS) compo- 
nent of the bacterial cell wall. It appeared that, in the cor- 
rect setting, the administration of LPS to mice could in- 
duce an activity in mouse serum that was cytotoxic to 
some tumor cell lines in vitro. This in vitro activity was 
called tumor necrosis factor. The availability of such in 
vitro assays for TNF led to the isolation, purification, and 
subsequent molecular cloning of the gene encoding hu- 
man tumor necrosis factor. 

Tumor necrosis factor exhibits multiple biological activi- 
ties (Old, 1985). It has also been shown to be a critical fac- 
tor involved in the onset of septic shock. In addition, TNF 
is identical to cachectin, a serum borne factor associated 
with cachexia, an emaciated condition of the body as- 
sociated with chronic illness (Beutler et al., 1985a, 1985b; 
Beutler and Cerami, 1986, Tracey et al., 1986, 1987; Old, 
1987; Oliff et al., 1987). This factor has been reported to 
have antiviral activity as well (Wong and Goeddel, 1986). 

Human tumor necrosis factor has been identified as a 
17 kd polypeptide that is secreted by activated monocytes. 
It is generally assumed that the synthesis and secretion 
of TNF begins with the elaboration of an unusually long 
76 amino acid signal peptide into the rough endoplasmic 
reticulum, and that, after cleavage of the signal peptide, 
the elongation of a 17 kd peptide ensues (Pennica et al., 
1984; Wang et al., 1985; Shirai et al., 1985). Presumably, 
this molecule is then secreted via normal secretory path- 
ways. The possibility that the 76 amino acid signal peptide 
might serve another function has been suggested by 
Muller and colleagues (1986). They reported that TNF, 
when translated in vitro in the presence of microsomes, 
was not processed. However, no such unprocessed coun- 
terpart has been reported in vivo. Our studies were under- 
taken in an attempt to understand the relationship be- 
tween the induction of tumor cell killing, septic shock, and 
cachexia by TNF. We postulated that different forms of 
the TNF molecule might induce different physiologic re- 
sponses. Therefore, we began a search for other forms of 
tumor necrosis factor. 

Results 

Human Monocytes Synthesize a High Molecular 
Weight Form of Tumor Necrosis Factor 

Human monocytes can be induced to synthesize TNF by 
exposure to both LPS and PMA. To examine the TNF pro- 
duced in human monocytes, we treated monocytes with 
LPS and PMA after which both untreated and treated (in- 
duced) monocytes were lysed and subjected to Western 
analysis employing a polyclonal antibody to human tumor 
necrosis factor as the antibody probe. The results of that 
analysis are shown in Figure 1. 
The TNF polyclonal antibody detects a 26 kd protein in 
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Figure 1. Western Analysis of Uninduced and Induced Human Mono- 
cytes 

Human monocytes were purified from peripheral blood by centrifuga- 
tion. After centrifugation the monocyte fraction was divided in half, and 
one portion was exposed to PMA + LPS and allowed to incubate for 
1 hr after which the cells were lysed subjected to electrophoresis in a 
12% polyacrylamide gel followed by Western analysis Anti-TNF anti- 
body was used to probe the blot after which the blot was incubated with 
radioiodmated protein A. This figure is an autoradiogram of that West- 
ern blot. Lane A, molecular weight markers; lane B, E. coli produced 
17 kd TNF, lane C, TNF 6.8 cell lysate; lane D, induced human mono- 
cytes; lane E, uninduced human monocytes TNF 6.8 is a cell line iso- 
lated from a population of ^am cells transfected with pFVXWTNF6 
plasmid containing a retroviral vector into which the human TNF cDNA 
clone B11 had been inserted. 



induced human monocytes that is not detected in unin- 
duced human monocytes. This same polyclonal antibody 
detects recombinant, 17 kd, TNF as well. When purified 
monocytes induced in a similar manner were metaboli- 
cally labeled with 35 S-cysteine and subjected to immuno- 
precipitation analysis with anti-TNF antisera, a 26 kd pro- 
tein was precipitated and could be detected on the 
autoradiogram of the gel. 

We were surprised when we detected the 26 kd peptide 
for several reasons. First of all, the 26 kd protein is the size 
of the protein predicted by the TNF cDNA is the leader se- 
quence, the putative signal sequence, is not removed. 
Second, if this 26 kd protein is in fact a 17 kd TNF precur- 
sor and if 17 kd TNF is a normal secretory protein and if 
the 76 amino acid leader is the TNF secretory signal, then 
the mere fact that the precursor is detectable is remark- 
able. This is because during elaboration of secretory pro- 
teins into the endoplasmic reticulum, amino-terminal sig- 
nal peptides are cleaved cotranslationally (Walter and 
Lingappa, 1986). 

Tissue Culture Cells Transfected with the TNF cDNA 
Synthesize Both 26 kd and 17 kd TNF 

In an attempt to generate cell lines that constitutively pro- 
duce large amounts of TNF, we subcloned the TNF cDNA 
into a retroviral vector, pFVXM (see Experimental Proce- 
dures). This construction was cotransfected with the 
selectable marker pEVX neo into NIH 3T3 cells, and the 
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Figure 2. Immunoprecipitation and Competition Analysis of 17 kd and 26 kd TNF 

Cells were labeled with 35 S-cysteme or 3b S-methiomne. subjected to immunoprecipitation. electrophoresis in a 12% polyacrylamide gel, and au- 
tofluorography. Autoradiograms of these gels are shown. 

(A) : Immunoprecipitation analysis of 35 S-cysteme labeled u/am and TNF 6.8 cell lines with preimmune and anti-17 kd TNF antisera. Lane A: ^am 
cell lysate precipitated with preimmune serum; lane B: ^am cell supernatant precipitated with preimmune serum; lane C: u/am cell lysate precipitated 
with anti-TNF antiserum; lane D: ^am cell supernatant precipitated with anti-17 kd TNF antiserum; lane E: TNF 6.8 cell lysate precipitated with preim- 
mune serum; lane F TNF 6 8 cell supernatant precipitated with preimmune serum, lane G: TNF 6.8 cell lysate precipitated with anti-17 kd TNF antise- 
rum; lane H TNF 6.8 cell supernatant precipitated with anti-17 kd TNF antiserum. 

(B) : Immmunoprecipitation with anti-17 kd TNF antiserum of 17 kd and 26 kd TNF labeled with 35 S-cysteine and 3S S-methionme from TNF 6.8 cells. 
Lane A 35 S-cysteine labeled cell lysate; lane B: 3b S-cysteme labeled cell supernatant: lane C: 3s S-methionme labeled cell lysate; lane D: ^-me- 
thionine labeled cell supernatant 

(C) : Competition binding analysis of 3t, S-cysteme labeled TNF 68 cell lysates Lane A: 3b S-cysteme labeled celt lysate and unlabeled recombinant 
TNF immunoprecipitated with anti-17 kd TNF antiserum, lane B 3t, S-cysteme labeled cell lysate precipitated with anti-17 kd TNF antiserum. 

(D) Competition binding analysis of 3S S-cysteine labeled cell lysates of induced human monocytes Lane A: ^S-cysteme labeled induced human 
monocyte cell lysate immunoprecipitated with anti-17 kd TNF antiserum, lane B: 3t, S-cysteme labeled induced human monocyte cell lysate and unla- 
beled (50 ug) recombinant TNF precipitated with anti-17 kd TNF antiserum 
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cotransfected cells were selected for resistance to G418 
Isolated transfectants were analyzed for the production of 
TNF by plaque assay, cytotoxicity, and immunoprecipita- 
tion analysis. 

The results of the cytotoxic TNF assay revealed that the 
transfected clones secreted as high as 1.5 x 10 3 U/ml/6 
hr of TNF. Immunoprecipitation analysis of metabolically 
labeled cell lysates and cell supernatants (media) re- 
vealed the presence of two proteins in the cell lysates, one 
at 17 kd, migrating with recombinant TNF and one, the ma- 
jor band, at 26 kd, migrating with the 26 kd molecule de- 
tected in induced monocytes. Immunoprecipitation analy- 
sis of supernatants derived from metabolically labeled 
cells revealed the presence of a single protein migrating 
at 17 kd. migrating with recombinant TNF as well as the 
17 kd band present in the cell lysates (Figures 2A and 2B). 
Neither the 26 kd molecule nor the 17 kd molecule could 
be detected with preimmune serum (Figure 2A). The 
putative 26 kd TNF molecule could be labeled with both 
35S-methionine and 35 S-cysteine. However, the 17 kd mol- 
ecule could only be labeled with 35 S-cysteme, not ^-me- 
thionine (Figure 2B). Thus, if the 26 kd molecule was the 
precursor for the 17 kd molecule, some processing of the 
26 kd molecule, resulting in the removal of the 2 methio- 
nine residues encoded by the TNF cDNA, must have oc- 
curred at the ammo terminus. 

To verify the identity of 26 kd and 17 kd molecules de- 
tected in these experiments, we conducted an antibody 
competition experiment. Both the labeled 26 kd and 17 kd 
species could be displaced with recombinant TNF, thus 
indicating that the 26 kd protein and the 17 kd protein de- 
tected in our analyses share epitopes with recombinant 
TNF (Figure 2C). Similar results were obtained with 26 kd 
and 17 kd TNF derived from radiolabeled monocytes (Fig- 
ure 2D). 

The 26 kd Protein Is the Precursor for 
the 17 kd TNF Molecule 

To determine if the 26 kd protein is the precursor for the 
17 kd TNF, we conducted a pulse-chased experiment (Fig- 
ure 3). Examination of the autoradiogram revealed the 
presence of the 26 kd protein in the cell lysates where no 
17 kd TNF was detected at the zero timepoint. Fifteen 
minutes after labeling, both the 26 kd protein and 17 kd 
TNF were detected. The remaining timepoints indicated 
that as the amount of the 26 kd molecule decreases, the 
amount of the 17 kd molecule increases. 

Immunoprecipitation analysis of supernatants derived 
from the identical pulse-labeled cells were analyzed (Fig- 
ure 3). As the 26 kd protein decreases in the cell lysates, 
17 kd TNF increases in the cell supernatants. If we ac- 
count for the fact that the 26 kd protein contains four cys- 
teines and the 17 kd TNF contains two cysteines, densito- 
metry analysis of the bands demonstrates that virtually all 
of the 26 kd protein is converted to 17 kd TNF in cell ly- 
sates and cell supernatants (data not shown). 

If the 26 kd protein is the full-length molecule encoded 
by the TNF cDNA, then the 26 kd molecule we detect in 
both immunoprecipitation analysis and Western analysis 
should contain the leader sequence predicted by the se- 
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Figure 3 Pulse-Chase Analysis of 26 kd and 17 kd TNF 
TNF producing NIH 3T3 cells (line TNF 6.8) were labeled for 15 mm with 
^-cysteine and subsequently incubated with excess unlabeled cys- 
teine for the times indicated above each lane. After chase, cell lysates 
and supernatants were subjected to immunoprecipitation with antt-17 
kd TNF antiserum Immune precipitates were subjected to electropho- 
resis m a 12% polyacrylamide gel after which the gel was subjected 
to autofluorography An autoradiogram of that gel is shown above. 



quence encoded by the TNF cDNA. To test this hypothe- 
sis, we inoculated four synthetic pepttde-KLH conjugates 
into rabbits, in an attempt to raise antibodies specific for 
the putative TNF leader sequence. One of the four pep- 
tides, TNF 2 (Lys-19 to Cys-30 of the putative signal se- 
quence), raised antisera that detect the 26 kd protein in 
Western analysis (Figure 4A), but not the 17 kd molecule. 

26 kd TNF Is a Membrane-Associated Protein 

The studies described above indicate that the 76 amino 
acid leader is not a classical secretory protein signal pep- 
tide. Examination of the primary sequence of 26 kd TNF 
leader reveals a hydrophobic domain of approximately 20 
ammo acids flanked by two hydrophilic domains charac- 
teristic of an integral transmembrane protein. This obser- 
vation led us to test the notion that 26 kd TNF is a 
membrane-associated protein. To accomplish this task, a 
TNF producing cell line was sonicated and, after multiple 
steps of differential centrifugation, total cellular mem- 
branes were fractionated from the cytosol. Both cytosol 
and membrane fractions were tested by Western analysis 
for the presence of 26 kd TNF. In fractionated cells, the 
vast majority of the 26 kd TNF in the cell is membrane- 
associated (Figure 4B). 
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Figure 4. Western Analysis of the Molecular Structure and Membrane 
Association of 17 kd and 26 kd TNF 

Cell lysates, supernatants, and membrane fractions were prepared as 
described in Experimental Procedures. Samples were subjected to 
electrophoresis in a 12% polyacrylamide gel followed by nonisotopic 
Western analysis as described by Wong et al. (1986) 

(A) : Western analysis of cell lysates and supernatants probed with anti- 
17 kd TNF antiserum and TNF 2 anti-TNF leader antiserum. Lanes A 
and C: TNF 6.8 cell lysates, lanes B and D: TNF 6.8 cell supernatants; 
lanes A and B: antt-17 kd TNF antiserum; lanes C and D: TNF 2 antt- 
TNF leader antiserum 

(B) : Western analysis of cytosol and membrane fractions for 26 kd and 
17 kd TNF probed with anti-17 kd TNF antiserum Lane A: molecular 
weight markers; lane B: recombinant TNF; lane C: TNF 6.8 cell lysate; 
lane D: cytosol fraction of fractionated TNF 6.8 cells, lane E membrane 
fraction of fractionated TNF 6.8 cells 



26 kd TNF Is an Integral Transmembrane Protein 

To further study the nature of the association of 26 kd TNF 
with membranes, we produced pure populations of 26 kd 
TNF by in vitro translation. We generated two recombinant 
DNA molecules to serve as DNA templates by subcloning 
two TNF cDNAs into a bacterial plasmid that contains a 
T7 promoter. One inserted TNF cDNA, the wild-type cDNA, 
contains the codon encoding the natural N-terminal me- 
thionine at the 5' end of the TNF structural gene. The other 
inserted TNF cDNA was engineered, via site-directed 
mutagenesis, such that the N-terminal methionine of 26 
kd TNF, along with the remaining 5' untranslated region of 
the cDNA, abuts the codon that encodes the N-terminal 
valine that is exposed after processing of 26 kd TNF. 
These plasmids were transcribed in vitro and used to pro- 
gram rabbit reticulocyte lysates in the presence of dog 
pancreatic microsomes. The transcript encoding 26 kd 



TNF only programs the synthesis of a 26 kd immunopre- 
cipitable protein. The transcript encoding 17 kd TNF only 
programs the synthesis of a 17 kd protein. When tested for 
cytotoxic activity in the L929 cell killing assay (Wang et al. , 
1985), 26 kd TNF was found to have no effect (data not 
shown). However, an equal amount of in vitro synthesized 
17 kd TNF was shown to contain over 1000 units per mil- 
liliter of activity in the same cytotoxic cell assay (data not 
shown). 

Comparison of the in vitro translation products encoded 
by the 26 kd TNF transcripts in the presence of dog pan- 
creatic microsomes reveals that microsomes do not alter 
the molecular weight of the 26 kd TNF in vitro translation 
product. The 26 kd molecule was not processed to 17 kd 
(Figure 5B). This observation supports the contention that 
the 76 amino acid leader is not a signal peptide but rather 
serves another function. The observations that the puta- 
tive "signal peptide" was not cleaved by the microsomes 
and that 26 kd TNF is membrane-associated led us to test 
the hypothesis that the 76 amino acid leader sequence 
might function as a transmembrane domain. The next two 
experiments were designed to determine the nature of the 
26 kd TNF interaction with the membrane first observed 
in the experiment described in Figure 4. 

To rule out the possibility that 26 kd TNF was included 
in the membrane fraction due to preferential encapsula- 
tion into microsomes during the process of cell disruption, 
26 kd TNF was synthesized in vitro in the presence of dog 
pancreatic microsomes. The translation reaction was 
divided and half of the reaction was incubated in 1x PBS 
while the other half of the reaction was incubated at pH 
1 1 .5, a condition which is known to open microsomes with- 
out disrupting their membranes. Under such conditions, 
it has been shown that proteins encapsulated by micro- 
somes are released; however, proteins tightly associated 
with membranes are retained in the membrane fraction af- 
ter centrifugation (Teixido et al., 1987). The results of im- 
munoprecipitation analysis of these reactions are shown 
in Figure 5A. Alkali treatment of the 26 kd TNF translated 
with microsomes does not dissociate the 26 kd molecule 
from the membrane (Figure 5A, lanes E and F). This as- 
sociation can be disrupted by addition of detergent to the 
pellet (data not .shown). 

If 26 kd TNF is a transmembrane protein, then a portion 
of the protein should remain exposed after the protein is 
incorporated into a microsome. If the 26 kd TNF/micro- 
some complexes are subsequently exposed to a protease, 
we expect the exposed portion of 26 kd TNF to be digested 
and a portion of the 26 kd molecule to be protected from 
digestion. The results of such a digestion/immunoprecipi- 
tation experiment are shown in Figure 5B. This experi- 
ment reveals that a portion of 26 kd TNF is susceptible to 
proteolytic digestion (Figure 5B, lanes H and I), micro- 
some-associated, protease-treated 26 kd TNF migrates at 
a slightly lower molecular weight, approximately 24 kd. 

In an attempt to determine the orientation of the 26 kd 
molecule in the microsomal membrane, we took advan- 
tage of the fact that the only methionine residues in the 
26 kd TNF molecule are at the amino terminus of the mole- 
cule at positions 1 and 6. If the amino terminus of the 26 
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kd molecule is outside the microsome, then these two me- 
thionine residues should be subject to proteolysis as the 
26 kd molecule is converted to the 24 kd counterpart. To 
test this possibility, in vitro translation of the mRNA encod- 
ing 26 kd TNF was carried out in either the presence of 
35 S-cysteine or 35 S-methionine, in the presence of micro- 
somes, and subjected to proteolysis. 

Digestion of the 35 S-methionine labeled 26 kd TNF in 
the presence of microsomes results in the complete dis- 
appearance of the 26 kd TNF molecule. In the experiment 
in Figure 5C, the 35 S-cysteine labeled 26 kd TNF mole- 
cules can be tracked to the 24 kd digestion product be- 
cause 26 kd TNF contains four cysteine residues dis- 
persed throughout the molecule. Partial digestion of the 
molecule from either the carboxyl or amino terminus, 
removing as much as 2 kd of the 26 kd molecule, cannot 
remove all of the cysteine residues. 

However, removal of six amino acids from the amino ter- 
minus of 35 S-methionine labeled 26 kd TNF should result 
in the radioisotopic disappearance of the 24 kd band we 
detect in the cysteine labeled sample. The 24 kd molecule 
exists, unlabeled. Thus, as shown in Figure 5C, it appears 
that the portion of the 26 kd TNF molecule that is exposed 
to proteolysis outside of the microsome is the amino ter- 
minus. 
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Figure 5 Analysis of In Vitro Synthesized 26 kd TNF and Its Associa- 
tion with the Microsomal Membrane 

T7 transcripts encoding 26 kd TNF were translated in vitro treated as 
described below and in Experimental Procedures, immunoprecipi- 
tated, and subjected to electrophoresis in a 12% polyacrylamide gel 
The resultant gels were subjected to autofluorography and autoradiog- 
raphy. Autoradiograms of those gels are shown below 

(A) Alkali treatment and ultracentnfugation analysis of 3f5 S-cysteine 
labeled 26 kd TNF translated in vitro in the presence of microsomes 
All samples were immunoprecipitated with anti 17 kd TNF antiserum. 
Lane A: TNF 6.8 cell lysate; lane B: in vitro translated 26 kd TNF; lane 
C neutral supernatants of pelleted microsomal preparations: lane D 
pellet of neutral microsomal preparations; lane E supernatant of 
pelleted alkaline microsomal preparations; lane F: pellet of alkaline 
microsomal preparations 

(B) : Proteinase K digestion of 35 S-cysteine labeled 26 kd TNF synthe- 
sized in vitro in the absence and presence of microsomes Lanes A. 

B, D, F. and H immunoprecipitated with anti-17 kd TNF antiserum; lanes 

C, E, G, and I immunoprecipitated with anti-TNF 2 TNF leader antise- 
rum Lane A TNF 6 8 cell lysate. lanes B and C: 26 kd TNF synthesized 
in the absence of microsomes; lanes D and E 26 kd TNF synthesized 
m the absence of microsomes digested with proteinase K. lanes F and 
G 26 kd TNF synthesized in the presence of microsomes, lanes H and 



Integral Transmembrane TNF Is Cytotoxic 

In previous experiments (described above), we showed 
that in vitro synthesized 26 kd TNF was not cytotoxic. Yet, 
in vitro synthesized 17 kd TNF was cytotoxic. One interpre- 
tation of that data is that 26 kd TNF cannot fold correctly 
in the absence of microsomes and, incorrectly folded, is 
not cytotoxic. Having shown that 26 kd TNF is an integral 
transmembrane protein, we attempted to determine if 26 
kd TNF synthesized in vitro in the presence of micro- 
somes might be cytotoxic. 

We synthesized 26 kd TNF in vitro in the absence and 
presence of microsomes. Each reaction was divided in half 
and one sample of each was sonicated. A sample of the 
in vitro translation reaction mixtures, containing micro- 
somes, were sonicated to open up the microsomes and 
thus expose the TNF cytotoxic domain, normally inside 
the microsome, 'to the outside. A sample of the in vitro 
translation reaction mixtures, not containing microsomes, 
was sonicated to control for the possibility that sonication 
might cleave the cytotoxic 17 kd secretory component 
from the 26 kd molecule. Each sample was analyzed for 
cytotoxicity. Only the sonicated in vitro translation reaction 



I; 26 kd TNF synthesized in the presence of microsomes digested with 
Proteinase K 

(C): Determination of the polarity of integral transmembrane 26 kd TNF 
in the microsomal bilayer 26 kd TNF was translated in the presence 
of microsomes and labeled with either 35 S-cysteine or 35 S-methiomne. 
Half of each reaction was digested with proteinase K. All reactions 
were immunoprecipitated with anti-17 kd TNF antibody. Lane A: 26 kd 
TNF marker, lane B: 3ei S-cysteine labeled 26 kd TNF undigested with 
proteinase K, lane C 35 S-methiomne labeled 26 kd TNF undigested 
with proteinase K, lane D 3S S-cysteine labeled 26 kd TNF digested 
with proteinase K, lane E: 3e> S-methionine labeled 26 kd TNF digested 
with proteinase K 
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Figure 6 Radioiodination of Cell Surface TNF 

Intact cells of a TNF producing ceil line (TNF 68) were redioiodmated 

as described m Experimental Procedures After radioiodination. cell ly- 

sates were immune precipitated with either preimmune or immune 

antiserum 

Lane A i ( iam cells treated with preimmune serum 
Lane B: yam cells treated with anti-TNF serum 
Lane C TNF 6.8 cells treated with preimmune serum 
Lane D TNF 6.8 cells treated with antiTNF serum 



mixture containing microsomes displayed cytotoxicity, on 
L929 cells approximately 50 U/ml in four independent ex- 
periments. All of the other samples contained no detect- 
able activity (<1 .0 U/ml). Thus we conclude that 26 kd TNF 
must be inserted into a membrane to exhibit cytotoxicity 
and that the microsome containing 26 kd TNF must be 
turned inside-out to display the cytotoxic portion of the 
molecule. 

Integral Transmembrane TNF Is Presented 
by the Ceil Membrane 

In an attempt to determine if 26 kd TNF is present on the 
outside of the cell, we radioiodinated intact cells from a 
TNF producing cell line under conditions in which the via- 
bility of the cells was unaffected {see Experimental Proce- 
dures). The results of an immunoprecipitation analysis of 
the radioiodinated cells is shown in Figure 6, Immuno- 
precipitable peptides at 26 kd and 17 kd were detected in 
the sample precipitated wtth anti-TNF antiserum. There- 
fore. 26 kd integral transmembrane TNF is found on the 
outside of the cell. 

Discussion 

In addition to tumor regression, tumor necrosis factor is 
implicated in the induction of a variety of disease states. 
Recent reports have shown TNF to be an active agent in 
both cachexia and septic shock (Beutler et al., 1985a; 
1985b; Beutler and Cerami, 1986; Tracy et al.. 1986; Oliff 
et al., 1987). How might TNF exhibit such a complex bi- 
ology'? 

We embarked on the experiments described in this pa- 
per to test the hypothesis that the complex physiology of 
TNF might be the result of multiple forms of TNF in the 
body. Upon examination of cell lysates of purified human 
monocytes induced to synthesize TNF cytotoxic activity, 
we observed an immunoprectpitable 26 kd protein in the 



induced sample that was absent in the uninduced sample. 
This protein was the size predicted to be encoded by the 
structural gene if the putative signal peptide was not re- 
moved from the 17 kd protein. 

Our observation that the 26 kd molecule could be la- 
beled both in vivo and in vitro with 35 S-methionine indi- 
cated that the first six amino acids were not removed from 
the 26 kd molecule unitl it was processed to the 17 kd 
secretory component. Furthermore, the observation that 
the 26 kd TNF molecule accumulates in the cell strongly 
suggested that the biosynthesis and secretion of 17 kd 
TNF is not typical of secretory proteins in that peptide 
elongation into the lumen of the endoplasmic reticulum is 
generally preceded by signal peptide cleavage. 

These data suggested to us that the 17 kd component 
of TNF might be secreted by another mechanism. Per- 
haps 26 kd TNF was a membrane protein that was clipped 
to generate the 17 kd secretory component. Examples of 
such a secretory mechanism have been described previ- 
ously for the epidermal growth factor (Scott et al., 1983; 
Gray et al., 1983), TGFa (Bringman et al., 1987; Teixido et 
al., 1987), and the IgA receptor (Mostov and Blobel, 1982). 
Our pulse-chase analysis and membrane fractionation 
studies indicate that this is indeed the case. The 26 kd 
molecule is the precursor to the 17 kd secretory compo- 
nent, (n addition, the 26 kd molecule is an integral trans- 
membrane protein with a rather unique orientation. The 
cytoplasmic component lies at the amino terminus of the 
26 kd molecule, while the cytotoxic, carboxyl terminal por- 
tion of the molecule is found either inside the microsome, 
outside the cell, or both. Radioiodination of intact cells 
producing TNF indicate that 26 kd TNF decorates the cell 
surface. Therefore, it appears that our hypothesis is cor- 
rect; human tumor necrosis factor is a cell surface integral 
transmembrane protein that must be cleaved to be re- 
leased into the serum. This observation dramatically alters 
the way in which we can explain the biology of TNF. 

We propose a model for TNF dependent tumor regres- 
sion in vivo. In our model the two forms of tumor necrosis 
factor, 26 kd integral transmembrane TNF and the 17 kd 
secretory component, function in two fundamentally dif- 
ferent ways. Initially, monocytes and macrophages are ac- 
tivated and stimulated to migrate to the tumor and/or to the 
site of inflammation. Such activation leads to the synthe- 
sis of 26 kd integral transmembrane TNF. Either this 26 kd 
molecule is itself cytotoxic, or alternatively, upon degranu- 
lation of the macrophage, 26 kd TNF is processed to the 
17 kd cytotoxic secretory component. The notion that 26 
kd TNF is itself cytotoxic is consistent with the observa- 
tions of Decker et al. (1987) that paraformaldehyde treated 
activated macrophages are cytotoxic in a TNF-dependent 
assay In either instance the toxicity of TNF will be local- 
ized. In the case of 26 kd TNF mediated cytotoxicity, toxic- 
ity will be localized because cell to cell contact is required. 
In the case of 17 kd TNF mediated cytotoxicity, toxicity will 
be localized because degranulation and subsequent 26 
kd to 17 kd TNF processing occurs locally (Figure 7). In 
either case, systemic TNF toxicity is absent because the 
toxic molecules are only present in the microenvironment 
of the activated monocyte or macrophage. 
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Figure 7. Proposed Mechanism of Action of 26 kd TNF Mediated Cytotoxicity 

(A) : Cell killing after cleavage and binding of 17 kd secretory component to TNF receptor. 

(B) : Cell killing by cell to cell contact and subsequent interaction of 26 kd TNF with TNF receptor. 



Septic shock and cachexia might appear as a conse- 
quence of systemic activation of monocytes and macro- 
phages such that cytotoxic TNF, either 26 kd, 17 kd or 
both, is no longer localized, resulting in acute systemic 
toxicity characteristic of septic shock or chronic systemic 
toxicity characteristic of cachexia. In support of this hy- 
pothesis is the observation that similarities exist between 
the clinical response to exogenously administered 17 kd 
TNF and elements of the clinical syndrome septic shock. 
These include hypotension, fever, malaise, gastrointesti- 
nal disturbances, and altered mental state (A. Rudolph, 
personal communication). Experiments designed to test 
these hypotheses are currently under way. 

Experimental Procedures 
Cell Culture 

L929 cells were obtained from the American Type Culture Collection 
(Ftockville, MO) and were grown m Dulbecco's modified Eagle's medi- 
um (DMEM) supplemented with 10% fetal calf serum (GIBCO). ^am 
cells were obtained from Richard Mulligan (Cone and Mulligan, 1984) 
and were grown in DMEM supplemented with 10% calf serum (GIBCO). 

Human monocytes were purified from human blood by centrifugmg 
first through Ficoll-Paque and Percoll (49 2%) following manufacturers 
(Pharmacia) conditions. The enriched population of monocytes and 
lymphocytes were plated into dishes containing RPMI (GIBCO) sup- 
plemented with 20% FCS and incubated for 30 mm (37°C). The dishes 
were extensively rinsed with RPMI, leaving only adherent monocytes. 
The monocytes were further incubated for 3 h (37°C) in RPMI sup- 
plemented with 20% FCS, 100 ng/ml lipopolysacchande (LPS. Sigma), 
and 10 ug/ml phorbol mynstate acetate (PMA, Sigma), to induce tumor 
necrosis factor synthesis. The L929 cell killing assay was performed 
as described by Wang et al. (1985) 

Antisera 

Peptides were obtained by solid phase synthesis (Mernfield. 1985) 
Cysteine was incorporated into the peptides to provide a sulfhydryl 



group The N-maleimido-6-aminocaproyl ester of 1-hydroxy-2-nitro-4- 
benzenesulfonic acid (mal-sac-HNSA), was used to cross-link the sulf- 
hydryl group of the peptide to either KLH, for immunization, or BSA, 
for analysis. After an initial inoculation with 500 \i$ of protein or KLH- 
peptide conjugate in Freund's complete adjuvant, animals were boosted 
with 250 vig of protein or peptide conjugate in Freund's incomplete ad- 
juvant every 3 weeks. Serum samples were tested for immunoreac- 
tivtty in immunoprecipitation analyses every 3 weeks. 

Plasmid Constructions 

The biology of pEVX has been described (Knegler et al., 1984). We 
have shown that the presence of the Moloney murine leukemia virus 
derived splice donor just 3' to the 5'-LTR dramatically decreases the 
yield of correctly spliced translational templates of retroviral construc- 
tions, carrying multiple exon genes, post transfection, and virus res- 
cue. pEVX was digested partially with Smal and completely with Ball, 
and the fragment was removed between these sites (containing the 
splice donor). An analogous Smal fragment of the Harvey murine sar- 
coma virus genome, which we previously determined did not contain 
a Mo-MuLV splice donor, was substituted. This ptasmid was partially 
digested with Bglll and completely with Sstll, and the fragment be- 
tween these two sites was discarded. The ends were made blunt by 
T4 DNA polymerase and then ligated. The resulting vector, pFVXM, 
lacks a splice donor and carries a viral packaging signal. 

The Pstl fragment containing the human TNF cDNA gene was ex- 
cised from plasmid B11 (Wang et al., 1985) and inserted into the Pstl 
site of pFVXM such that the TNF gene is expressed from the 5' LTR, 
producing pFVXM-TNF6. The same fragment was cloned into the Pstl 
site of pGem-3 (Promega Biotec) such that the T7 RNA polymerase 
promoter can synthesize in vitro RNA sense-transcripts, producing 
pGEM-TNF14. 

pGemTNFALEAD was constructed by deleting the DNA sequence 
that codes for amino acids 2 to 76, thereby deleting the leader peptide, 
by established techniques of site-directed mutagenesis {Kramer et al., 
1984). The Pstl fragment was inserted into pGem-3 in the same orien- 
tation as pGEM-TNFl4. producing P GEMTNF.\LEAD. pEVX-neo has 
been described previously (Knegler et al.. 1984) 

Plasmid DNA was prepared according to the procedure of Bimboim 
and Doly (1979). banded twice in cesium chloride, and exhaustively di- 
alyzed in TE Buffer (10 mM Tris [pH 80], 1 mM EDTA) 
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DNA Transfection 

yam cells were cotransfected with plasmids pFVXM-TNF6 and pEVX- 
neo as described previously (Knegler et al.. 1984) 

Plaque Assay of TNF Producing Colonies 

Culture dishes with G4l8-resistant colonies were overlaid with L929 
cells at a density of 73 x 10 4 cells/cm z . When the cells attached, after 
30 mm, the media was aspirated, and the cells were overlaid with 
DMEM supplemented with 10% FCS and 0.9% Noble agar. After incu- 
bation for 18-24 hr, clones surrounded by a lysed zone of L929 cells 
were isolated by cloning cylinders and expanded to mass culture One 
cloned line. TNF 68, which produced the most TNF. was used for fur- 
ther analysis. 

Metabolic Labeling of Cells 

The TNF 6.8 cell line was labeled with 3b S-cysteine as described pre- 
viously (Knegler and Botchan, 1983). For timed metabolic labeling ex- 
periments, monolayers were pulsed for 15 mm with 3b S-cysteme, 
chased with cold cysteine for the times indicated, and then lysed for 

analysis. 

A population of cells enriched for human monocytes was plated into 
601 mm dishes containing RPMI media supplemented with 20% FCS, 
and incubated for 30 mm at 37°C. The dishes were extensively rinsed 
with RPMI. leaving only adherent monocytes The monocytes were in- 
cubated with cysteine-mmus RPMI media supplemented with 100 
ng/ml LPS, 10 Mg/ml PMA for 30 mm at 37°C, after which, 100 pCi of 
3b S-cysteme and dialyzed FCS (5% final concentration) was added 
Incubation was continued at 37°C for 3 hr, after which the cells were 
lysed for analysis. 

Membrane Fractionation 

Five 100 mm dishes of subconfluent TNF 6.8 cells were labeled with 
3t, S-cysteme as described above. The cells were rinsed with Buffer A 
(10 mM K P0 4 [pH 7.0], 1 mM phenylmethylsulfonyl fluoride, PMSF 
Sigma) and scraped into 15 ml Eppendorf microfuge tubes The cells 
were sonicated with a Sonifier cell disruptor (Branson Sonic Power 
Co.), and checked for the extent of fragmentation by microscopic ex- 
amination The crude lysate was spun for 5 min at 2.7K rpm, 4°C, in 
an Eppendorf 5415 centrifuge (Brinkman). The supernatant was care- 
fully withdrawn and spun in Beckman JA20 rotor at 11. 5K rpm for 30 
mm (4°C). The supernatant was spun in a Beckman SW 50 1 rotor for 
60 mm (4°C). at 29K rpm The membrane fraction pellet and cytosol 
supernatant were saved for immunoprecipitation analysis 

In Vitro Transcription 

pGem-TNFU and pGEM-TNF ALEAD were linearized with Hmdlll. 
Capped transcripts were prepared from these templates using T7 RNA 
polymerase and an in vitro transcription kit employing the conditions 
recommended by the manufacturer (Promega Biotec) 

In Vitro Translation 

3S S-cysteine labeled polypeptides were synthesized from the in vitro 
TNF transcripts in the presence and absence of canine pancreatic 
microsomes (Promega) using a rabbit reticulocyte lysate translation kit 
(Promega) employing conditions recommended by the manufacturer 

Analysis of In Vitro Translation Products 

In vitro translation products were analyzed as described by Teixido et 
al (1987) After in vitro translation, with or without microsomes, sam- 
ples were diluted 5 fold with 100 mM Na ? C0 3 (pH 11.5). After 30 mm 
at 0°C, the samples were layered on top of a cushion of 200 mM su- 
crose (50 nl) containing 100 mM Na^CC^ (pH 11.5), 85 mM potassium 
acetate, 1.8 mM magnesium acetate, and centnfuged for 8 mm m a 
Beckman Airfuge A-100/30 rotor at 30 psi. The resulting pellets and su- 
pernatants were neutralized with 1 M acetic acid, and subjected to im- 
munoprecipitation as described below 

Products of translations in the absence or presence of microsomes 
were incubated for 1 hr on ice, with or without 100 ug/ml proteinase 
K (Boehnnger Mannheim) The proteolytic digestions were arrested by 
adjustment to 2 mM PMSF and subjected to immunoprecipitation as 
described below. 



Immunoprecipitation 

,s S-labeled samples were immunoprecipitated with appropriate an- 
tisera following conditions described previously (Knegler and Botchan, 
1983) For competition experiments. 50 ug of cold recombinant TNF 
(Cetus) was added to appropriate samples before incubation with an- 
tisera 

Western Analysis 

Samples were resolved on 12% SDS-PAGE and electrophorectially 
transferred to nitrocellulose membranes (Towbm et al., 1979). Filters 
were blocked and reacted with antibody, the bound antibody was de- 
tected either by using 1?b l-Protem A followed by autoradiography or 
detected nonisotopically as described previously (Wong et al., 1986) 

Radioiodination 

Intact cells were radioiodinated in 24-well plates with }2b \ and en- 
zymobeads (BioRad) according to the manufacturer's instructions. 
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Lipopolysaccharide (LPS. endotoxin) to a potent 
stimulator of tumor necroeto factor « ^^SSS 
and secretion in mow macrophage tumor celU(Golen- 
bock. O. T.. Hampton. R. Y. ^reehi, N.,T^yama. 

K.. and Raetz, C. H. R. (1M«* Bi ^S^Tt\an^l 
19490-19498). In contra*, addition of LPS (10 ng/ 
ml) to human monomyelocytic (Mono Mac 6) celto In- 
duce, very little production of TNFo^aa Judged by 
immunoassay of the growth medium. When ™ ng/ml 
4-fl-phorbol-12-myrtotate 13-aceUte (PMA) to added 
together with LPS, large amounts of JN* « ar * 
cmed.PMAalonetoin.rtive.Ma*i^^ 
the medium are achieved at 1 ng/ml of LPS. Protein 
kinase C inhibitors, such as H7 (Mo-to^utaoRnytotd- 
fonyi)-2-methylpiperazine>. ■t"""*"^"; fSt^^l 
gosine, reduce TNFa secretion stimulated by PMA.The 
effect of PMA has been investigated at each. stage of 
TNFa biogenesis. Treatment of Mono Mac 6 celto with 
LPS alone results in rapid, transient, j£ d / u11 
si' a of TNFa mRNA. Concomitant addition of PMA 
die. not increase TNFo mRNA^nthesto any further, 
but it prolongs the half-life of TNFa mRNA about 3- 
fold However. mRNA stabilization does not account 
for the striking effect of PMA on TNFa secretion. 
Analysis of TNFa synthesis and secretion by immuno- 
Jre?ipiUtion Indicate, that 

in stimulating the formation of the intracellular 20- 
kD. TNFa precursor. LPS alone to not «J«™«tto 
2llow processing of the precursor ^ ^^ ^"V 
ture 17-kDa TNFa. The rate of TNFa "g****: 
served immediately after the addition of PMA to LPS- 
oretreated celto to similar to the maximum rate from 
LPS/PMA-tTeated celto. but without the lag observed 
in cells after being exposed to LPS and PMA simulta- 
neo«ly In wmmrry. PMUV is required for the comple- 
tion 0 f TNFa precursor processing and secretion in 
fts-tlelleS human Mono Mac 0 cells, whereas murine 
RAW cells are able to complete the terminal steps of 
TNFa processing in the absence of PMA. 

Tumor necros is factor a <TNFa),' a protein initially char- 
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the payment of p£. charge.. This artic.e mmt fifi^fi* 
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acterized by iu ability to cause the lysis of tumor cells (1), * 
a multifunctional cytokine (2). capable of influencing the 
growth, differentiation, and function of a broad range of ceUs 
(3) TNFa is responsible for some of the symptoms •J* 0 *"? 
with endotoxin-induced shock and cachexia (2). TNFa is 
produced not only by activated macrophage. (4) but aba 'by 
other activated cells, including T «U. (5), B «U«M6)^d 
NK cells (7). Bacterial upopolysacchande (LPS. endotoxin) 
is an essential component of tbe Gram-negative outer mem- 
brane (8). and it is a potent stimulus for TNFa production. 
Depending on the system, phorbol esters, viruses, and certain 
antibodies or antigens directed against T and/or B lympho- 
cyte, surface receptors can also stimulate TNFa synthesis. 

Secreted human TNFa is a 17-kDa polypeptide. Cloning of 
a full-length cDNA has revealed that TNFa is synthesized as 
a proprotein (26 kDa) with an N-terminal extension of 76 
amino acid residues (9. 10). This piesequence is not cleaved 
in the rough endoplasmic reticulum, like a typical signal 
sequence, but it may function to anchor the TNFa P«*ur*or 
polypeptide in the plasma membrane (11-13). The soluble 17- 
kDa form is derived from the 26-kDa membrane precursor by 
a specific proteolytic cleavage (12, 14, 15). ...... 

In most systems, TNFa production is regulated at Uie 
mRNA level. For instance, it has been ' ^ ^Jj™ 
induces TNFa synthesis in the monoblast cell lute U937, in 
the myeloblast cell line ML-1 (16). or in human nwnocyUs 
(17) by stimulating transcription of the TNFa 
^transcriptional stabilization of the TNFa mRNA. Like- 
wise, the down-regulation of TNFa exprejsion observed far- 
ing prolonged exposure of cell, to LPS. PMA. orTNFaUkes 
place at the mRNA level (18-20). Translational and post- 
tran.latioiuu regulation of TNFa synthesis have not irec«rved 
much attention, with the exception of a specific "hancement 
of the translation of TNFa mRNA by LPS in tmoglycoltote- 
elicited »ouse macrophages (21). 

In this study we describe a novel mechanism for the post- 
translational regulation of TNFa for^UonJJsu^th^uman 
monomyelocytic cell line. Mono Mac 6(22), ~ <^wt£rt 
PMA is required together with LPS to induce mature TNFa 
proAKtiorTThe expression of TNFa mRNA and the synthe- 
sis of tbe 26-kDa TNFa precursor are triggered normally by 
LPS. whereas PMA alone has no effect at either 
tional and translational levels in these celto. I^PMAu 
required for the processing and secretion of the precursor. 
This differs from previous observations with murine RAW 
S 7 macroph^ lik. cell, in which LPS addition alone (14. 
23) is sufficient to cause TNFa synthesis and secretion. 



EXPERIMENTAL PROCEDURES 
WnM-l nleM otherwise stated. .11 chemical. u«d are from 
SiRmTMurin, monoclonal antibody F-12 agunst human TNFo -« 
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purchased from Olymr" Immunochemicals (Lake Success, NY). 
Armenian hamst' v 'onal antibody TN3-19.12 (24) against 
murine TNr a *. D. E. Maclntyre (Merck Reaearch 

Laboratories, tahwa*. ''I' .tabbit antiaera against human TNFa, 
rabbit ant*-.. a a&» \ trine TNFa, and recombinant human and 
murine TNT t stanC -J were purchased from Genzyme (Boston, 
MA). Preimmune rabbit gG and rabbit IgG against human TNFa 
used in immunoprecipitation experiments were from Endogen (Bos- 
ton, MA). Affinity-purified labeled goat anti-rabbit F(ab)'2 im- 
munoglobulin fragments and carrier- free ["Pjorthophosphoric acid 
(6500-9120 Ci/mmol) were purchased from Du Pont- New England 
Nuclear. ( M S|Cyateine (1300 Ci/mmol) and [a- w P)dCTP (3000 Ci/ 
mmol) were from Ameraham Corp. The nick translation kit was from 
Boehringer Mannheim. A human 0-actin DNA probe (2 kb) was 
purchased from Clontech (Palo Alto, CA). A human TNFa DNA 
probe (0.607 kb) was a gift of Dr. M. J. Tocci (Merck Research 
Laboratories). Goat serum was purchased from Cedarlane Laborato- 
ries (Hornby, Ontario), and protein A-agarose was from GIBCO- 
Bethesda Research Laboratories. 

Deep rough (Re) (8) LPS from the mutant, Salmonella minnesota 
R595, was prepared as described previously (25) and was provided by 
Dr. K. Takayama (Department of Bacteriology, University of Wis- 
consin, and Mycobacteriology Research Laboratory, William S. Mid- 
dleton Memorial Veterans Hospital, Madison, WI). This preparation 
was used in all experiments as "LPS.* Lipid IV A , a bioactive precursor 
of LPS (8), was purchased from ICN (Cleveland, OH). The LPS 
antagonist, Rhodobacter gphareoides lipid A (RSLA), was provided by 
Drs. N. Qureshi and K. Takayama (Department of Bacteriology, 
University of Wisconsin). 

Cell Lines and Culture Methods— Murine RAW 264.7 macrophage- 
like cell« and L929 fibroblasts were obtained from the American Type 
Culture Collection (ATCC, Rocwville, MD). Mono Mac 6 cells were 
obtained from Dr. H. W. L. Ziegler-Heitbrock (Institute of Immunol- 
ogy, Munich, Germany). RAW 264.7 cells were grown as described 
previously (26) in Ham's F-12 medium (Whittacker Byproducts, 
Walkersville, MD), supplemented with penicillin G (50 units/ml), 
streptomycin sulfate (50 pg/ml, Sigma cell culture reagent grade), 
and 10% fe' nl bovine serum (FBS, Hyclone laboratories). This me- 
dium (used also for all experiments with RAW 264.7) is referred to 
as F12/FBS. In general, RAW 264.7 cells were plated at 0.5 x 10 s 
cells/well in 24 -well tissue culture plates in F-12/FBS and placed at 
37 *C overnight to allow cell attachment prior to the initiation of 
stimulation. L929 fibroblasts, as adhered monolayers in 100- mm 
tissue culture dishes, and Mono Mac 6 cells (in suspension) were 
grown in RPM1 1640 medium (Whittacker Bioproducts), supple- 
mented with antibiotics and FBS, as indicated above for F-12 medium, 
and with 1 x nonessential amino acids (GIBCO). This growth medium 
is referred to as complete medium. Before experiments. Mono Mac 6 
cells were centrifuged (300 x g, 5 min) and resuspended in complete 
medium at a density of 2.5 x 10" cells/ml. All components used in 
these media were purchased as "low LPS'* reagents. The different cell 
lines were grown at 37 'C in a 5% COj atmosphere. 

Cell Stimulation and Labeling— Dispersions of LPS, lipid IV A , and 
RSLA, prepared as 1 mg/ml stocks in endotoxin -free PBS (Whit- 
tacker Bioproducts, Walkersville, MD), were stored at -20 *C. Im- 
mediately before to use, these stock solutions were thawed and 
sonicated for 2 min in a water bath sonicator (Laboratory Suplies 
Inc., Hicksville, NY) and then serially diluted in PBS to 100-fold 
concentrates. 

The W S labeling procedure of Mono Mac 6 cella was carried out in 
cystine- free RPMI 1640 medium (GIBCO) containing 5% (v/v) di- 
alyzed serum. Before labeling, the cells were washed twice with PBS 
and incubated for 30 min in the cystine-free RPMI 1640 medium. 
The cells (approximately 2.5 x 10* cells/ml) were then labeled in the 
same medium (referred as to "labeling medium") in the presence of 
10 jiCi/1 x 10* cells of ('^SJcysteine for the times indicated in the 
presence of the stimuli. The labeling procedure was terminated by 
removal of the labeling medium, followed by two washes with ice-cold 
PBS. For pulse-chase experiments, cells, at a density of 2.5 x 10* 
cells/ml, were incubated in the labeling medium for various times 
and then washed twice with PBS and resuspended at the same density 
in complete medium. Radiolabeling of the cells with n Jt*i was achieved 
by incubating the cells, after a pre-equilibration time (30 min) in 
phosphate-free RPMI 1640 medium (GIBCO), in a fresh phopshate- 
free RPMI 1640 medium with 250 M Ci/nil of [ i; P|orthophosphoric 
acid and stimulants for 50 minutes, as indicated. 

At the end of these experiments, the culture supernatants were 
removed, and the cells were washed twice at 4 *C with PBS and 



solubilized for 30 min at 4 *C in 100 pi of "lysis buffer" per 1 x 10* 
cells, consisting of 50 mM Tris HCl, pH 7.4, 0.1 M NaCl, 1% Triton 
X-100, 5 mM EDTA, 0.02% sodium azide, 0.1 mM phenylmethane- 
sulfonyl fluoride, and 1 *iM peps tat in. To remove insoluble material, 
cell lysates were centrifuged 12,000 x g for 15 min. The culture 
supernatants were also centrifuged (12,000 x g for 15 min), and 50 *il 
of 10 X concentrated lysis buffer (see above) was added per 500 tt\ of 
culture supernatant. 

L929 Cytotoxicity Assay— For assaying TNFa bioactivity, L929 
cells, at a density of 1 x 10* cells/well, were plated in 96-wells plates 
and incubated at 37 *C for 24 h in complete medium. Then the cells 
were washed, and samples to be tested were diluted from 1:2 to 1: 128 
in complete medium and were added to cells in the presence of 
actinomycin D (5 Mg/ml). The cells were incubated for 20 h, and the 
degree of cytotoxicity was determined by the 3-[4,5-dimethylthiazol- 
2-yl]-2,5-diphenyltetrazolium bromide dye reduction method (27). 
For this purpose, 10 *d of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl- 
tetrazolium bromide solution (5 mg/ml) was added, and after another 
4-h incubation at 37 'C, the resulting formazan crystals were dissolved 
in 10% SDS in 0.02 N HC1. Optical densities were measured at 570 
nm (test wavelength) and 630 nm (reference wavelength) by using an 
automated plate reader (Bio-Tek Instruments). Recombinant TNFa 
was used as a standard for determination of the quantity of TNFa 
contained in the experimental samples. All samples were tested in 
triplicate. 

TNFa Radioimmunoassay — TNFa production by cultured cells 
was quantitated by assaying TNFa immunoreactivity in the culture 
medium using a capture immunoassay similnr to that described 
previously (24), but modified by S. D. Wright (The Rockefeller 
University, New York, NY) for 72-well Terasaki plates and radiode- 
tection. The procedure was carried out exactly as described previously 
(23, 24) and was the same for the measurement of human or murine 
TNFa, except that the appropriate antibody and recombinant TNFa 
were used depending on the species. Briefly, the wells of Teraski 
plates, first coated with monoclonal antibody anti-murine TNFa TN3 
19-12 (or with monoclonal antibody anti-human TNFa F12), were 
then incubated overnight at 4 'C with PBS, 2% goat serum, 1 mg/ml 
bovine serum albumin, and 0.02% sodium azide. Then 10 fil/well of 
experimental medium or recombinant murine (or human TNFa) 
standard was added to the wells. After an incubation of 1 h at 22 "C 
and extensive washes, polyclonal rabbit anti- murine (or anti-human) 
antiserum was added. The plates were incubated 1 h at 22 *C and 
then washed. Next 10 jd of '"I- labeled goat anti-rabbit F(ab)'2 
immunoglobulin fragments (1 Mg/ml) were pipetted into each well. 
After 1 h of incubation, the plates were extensively washed, and 
individual wells cut from the plates were counted in a y counter. The 
data were converted to ng/ml by use of a standard curve based on 
recombinant TNFa. 

Immunoprecipitation and Gel Electrophoresis — To cell lysates or 
culture supernatants was added preimmune rabbit IgG or rabbit IgG 
against human TNFa at a final concentration of 40 ng/ml After an 
incubation of 18 h at 4 *C, 80 /il of a 50% protein A-agarose bead 
suspension was added, and the incubation was performed at 4 *C for 
2 h, with gentle agitation. The beads were then washed three times 
with lysis buffer and two times with PBS. Electrophoresis sample 
buffer (20 mM Tris HCl. pH 6.8, 2% sodium dodecyl sulfate (SDS), 
10% glycerol, 4% 2-mercaptoethanol, 0.04% bromphenol blue) was 
added to the washed beads, and the mixture was heated at 95 *C for 
5 min. The samples were loaded onto a 12% polyacrylamide gel as 
described previously. Gels were fixed with 10% acetic acid, 40% 
methanol, treated with Amplify (Amersham Corp.), dried, and ex- 
posed to Kodak XAR-5 film at -80 *C. In some experiments the dried 
gels exposed to Phosphor Screens were scanned by Phosphorimager 
(Molecular Dynamics). 

Northern Blot Analysis— Total RNA of Mono Mac 6 cells was 
isolated with RNAzol (Cinna/Biotecx Laboratories International Inc, 
Friendswood, TX), a modification of the guanidinium-phenol-chlo- 
roform method (28). For Northern blot analysis, 20 fig of total RNA 
was eiectrophoresed on a 1.2% agarose (w/v) gel, transferred onto a 
Hybond-N membrane (Amersham Corp.), and hybridized with a nick- 
translated "P-labeled human TNFa probe. Control hybridizations 
were done with a "P-labeled human 0- act in DNA probe, using the 
same blots after washing in 0.1% SDS at 75 *C for 10 min. TNFa 
uRNA (1.6 kb) was quantitated by densitometry with an LKB-XL 
laser photodensitometer and normalized to tf-actin mRNA signals (2 
kb). 
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RESULTS 



RA\> -o4 * >lt.j to Mac 6 Cell* Differ in Their Ability to 
dev TYTa r Response to LPS— The ability of the two 
cell Tinea, mc RAW 264.7 and human Mono Mac 6, to 
synthesize and at -rete TNFa in response to LPS was exam- 
ined. After stimulation for 5 h with at little aa 0.01 ng/ml of 
LPS, RAW 264.7 cells secreted large amounts of TNFa (Fig. 
\A). Maximum TNFa secretion (-30 ng/ml) was obtained at 
an LPS concentration of 1 ng/ml. The simultaneous addition 
of PMA (30 ng/ml) to RAW 264.7 cells treated with LPS did 
not further increase LPS-induced TNFa secretion, as shown 
in Fig. LA. In contrast, very little TNFa «0.5 ng/ml) was 
detected in the culture medium of Mono Mac 6 cells treated 
with LPS alone (Fig. IB). However, when PMA (30 ng/ml) 
was added at the same time aa LPS, Mono Mac 6 cells secreted 
large amounts of TNFa <~20 ng/ml). In the presence of PMA, 
the dose-dependent increase of secreted TNFa in response to 
LPS in Mono Mac 6 cells was very similar to that observed 
with RAW 264.7 cells. The minimum concentration needed 
to induce significant production of TNFa was 0.01 ng/ml 
LPS, and the optimal concentration of LPS was 1 ng/ml. The 
amount of TNFa secreted in the presence of LPS in combi- 
nation with PMA always exceeded that seen in absence of 
PMA by 10-50-fold The addition of PMA alone had no 
detectable effect on TNFa production, either in RAW 264.7 
or in Mono Mac 6 cells (Fig. 1). 

As shown in Fig. 2A, the minimum PMA concentration 
needed to induce the LPS-stimulated secretion of TNFa in 
Mono Mac 6 cells was just above 1 ng/ml. At 10 ng/ml of 
PMA, the stimulation reached a plateau. We have shown 
previously that another human monocytic cell line, THP-1 
(2^ 30), is poorly responsive to LPS. THP-1 cells need to be 
pretreated with PMA and allowed to differentiate to develop 
the ability to respond to LPS. Although the ability of PMA 
to stimulate TNFa secretion by Mono Mac 6 cells in the 
presence of LPS is evident without preincubation, we asked 
whether PMA pretreatment of Mono Mac 6 cells could lead 
to even higher stimulation of TNFa secretion by LPS. The 
cells were incubated with 30 ng/ml of PMA for 0-46 h before 
the addition of LPS. As shown in Fig. 2B, a preincubation for 
1 h with PMA before the addition of LPS was as effective as 
concurrent addition. After preincubation for as little as 2 h, a 
significant unexpected decrease of TNFa secretion in re- 
sponse to LPS was observed. Morever after preincubation 
with PMA for 24 h t the stimulation of TNFa secretion by 
LPS was fully abolished. Thus, in contrast to THP-1 cells, 
Mono Mac 6 cells do not need to be precultured with PMA to 




in*** 

Fig 1. Combined effect of LPS and PMA on TNF* release 
by Mono Mac 6 cell.. RAW 264 .7 cells si a density of 0.5 x 107 
wril (in 24 well-plates) in F-12/FBS (A) and Mono Mac 6 cells at a 
density of 2 5 x lC/ml in complete medium iB) were incubated at 
37 *C with varying concentrations of LPS as indicated in the presence 
( ) or absence (O) of PMA <30 ng/mll during 5 h. Then tben-Hure 
supernatanU were assayed for TNF« immunoreact.v.ty by RIA. 
Values represent the mean concentrations from duplicate samples ± 
runfte. 
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Fig. 2. Dose dependence and time cxmrr* effect of PMA om 
TNFa release by Mono Mac 6 cell*. A, Mono Mac 6 cells at a 
density of 2A x l0*/ml were incubated in complete medium "■W** 
mented with LPS at 10 ng/ml and varying concentrations of PM/, 
at indicated, during 5 h at 37 The culture •^eroat^wert 
assayed for TNFa immunoreectivity by RIA. B, Mono Mac 6 eells 
were precultured with PMA at 30 ng/ml for the indicated times and 
then washed, reauapended at the same density as above tn complete 
medium, and stimulated with LPS at 10 ng/ml for 5 h in the presence 
of 30 ng/ml of PMA at 37 The media were assayed for TNFa 
immunoreactivity by RIA. Values represent the mean concentrations 
from duplicate samples ± range. 

■how significant TNFa secretion in response of LPS. 

Alternative Assay* for TNFa— A TNFa bioactmty assay 
waa performed to ensure that the low levels of TNFa in 
culture supernatanta from cells treated with LPS in the 
absence of PMA were not due to a lack of recognition of 
TNFa secreted under these conditions by the monoclonal 
antibody used in the rtcUoimmunoasaay. For instance, in 
LPS-treated cella and in PMA/LPS-treated cells, the secreted 
TNFa species might be different The amounta of TNFa 
detected in culture supernatante from control, LPS-treated, 
or PMA/LPS-treated cella were 0, 0.5, and 8 ng/ml respec- 
tively, when assayed by the cytotoxicity aaaay on L929 cells, 
in agreement with the results determined from the same 
culture supernatanta by radioimmunoaaaay (data not shown). 

To exclude the possibility that the low levels of TNFa 
secretion in response to LPS alone might have resulted from 
the production of an inhibitor that blocked the TNFa-mono- 
clonal antibody interaction or the cytotoxic activity ofTWa, 
equal volumes of culture supernatanU from LPS-treated cells 
and PMA/LPS-treated cella were mixed and assayed for the 
presence of TNFa by radioimmunoassay. The determination 
of TNFa in the culture medium was not obscured under these 
conditions (date not shown). ^ ^ 

Effects of Protein Kinase C Inhibitor*— PMA ta a potent 
activator of protein kinase C (PKC). In order to ascertain 
whether protein kinase C was playing a role in the regulation 
of PMA-stimulated TNFa secretion in Mono Mac 6 cells, 
different inhibitors of PKC were examined. The results of 
Table I show that the effect of PMA on LPS-stimulated 
TNFa release was abolished by H7, staurosporine, and D- 
sphingosine, suggesting that the effect of PMA on TNFa 
secretion is actually mediated by the activation of a PK 
These different PKC inhibitors also blocked LPS stimulation 
of TNFa secretion in RAW 264.7 cells (Table I), although 
PMA alone had no stimulatory effect on TNFa release i in 
RAW 264.7 cells. Nevertheless, a 24-h preincubation of RAW 
cells with 30 ng/ml of PMA did not inhibit the LPS-stimu- 
lated TNFa release, as it did in Mono Mac 6 cells. 

LPS-induced TNFa mRNA Expression Is Independent of 
PMA in RAW and Mono Mac 6 Otta-PMA is known to 
increase TNFa mRNA expression in certain human myelo- 
monocytic cell lines, such as ML-1. U937. and KC-1 (16), or 
in isolated human monocytes (17). In order to know whether 
PMA arts st the level of mRNA expression in Mono Mac 6 
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cells, we studied TNF t~RNA production in response to LPS 
in the presence . »r ot PMA. The dose- response rela- 

tionships ot uued at:* TNFa mRNA expression after 90 
min ot n. atic m vsented in Fig. 3. TNFa mRNA levels 
were marroal at ; /ml of LPS (as observed above for 
secreted TNFa), but it. contrast to the situation with secreted 
TNFa, PMA had no effect on TNFa mRNA expression (Fig. 
3, A and C). The expression of TNFa mRNA in RAW 264.7 
cells was fully induced by 10 ng/ml of LPS, and PMA did not 
increase the TNFa mRNA expression in RAW 264.7 cells any 
further (data not shown). 

The desensitization observed with Mono Mac 6 cells after 
a long-term preincubation with PMA with respect to TNFa 
secretion (Fig. 2B) was investigated at the level of TNFa 
mRNA expression. After a 24-h treatment of Mono Mac 6 
cells with PMA (30 ng/ml), the expression of the TNFa 
mRNA was still markedly induced by LPS, as in untreated 
cells (data not shown). However, only a little TNFa (0.35 ± 

Table I 

Effect of various inhibitors of protein kinase C on LPS- or LPS/ 
PMA-stimulated TNFa secretion 

RAW 264.7 and Mono Mac 6 cells were incubated in F12/FBS and 
complete medium, respectively, for 15 min with the different PKC 
inhibitors described. Then LPS (10 ng/ml) was added to RAW 264.7 
cells, and LPS (10 ng/ml) and PMA (30 ng/ml) were added to Mono 
Mac 6 cells. After 6 h of incubation, the culture supernatant* were 
collected and analyzed for TNFa immunoreactivity by RIA. The 
values represent the mean concentrations from duplicates samples ± 
range and are representative of two separate experiments. 

TNFa 

Condition* Mono Mac 6 RAW 264.7 

cejlB cells 

ng/ml 

No stimulus 0.30 ± 0.01 0.50 ± 0.01 

Control (LPS/PMA or LPS) 17.09 ± 0.87 43.02 ± 2.05 
H7 100 M M 6.86 ± 0.36 21.30 ±3.2 

H7 200 3.04 ± 0,35 1 7.78 ± 0.27 

H7 40O„m 0.89 ±0,05 7.C3 ± 0.12 

SUurosporine, 2 nM 1.85 ± 0.03 7.66 ± 0.5 

Staurosporine, 20 nM 0.22 ± 0.09 4.38 ± 0.26 

Sphingosine, 25 5.10 ± 0.01 37.17 ± 1.51 

Sphingosine, 250 jiM 0.36 ± 0.34 0.R9 ± 0.08 



0.03 ng/ml) was actually secreted by the pretreated ceils in 
comparison with the large amount of TNFa secreted by 
control cells (22 ± 1,5 ng/ml) treated with LPS and PMA 
concurrently. Thus, long-term preincubation with PMA has 
no effect on the ability of the TNFa gene to respond to LPS, 
but rather, prolonged PMA pretreatment appears to block a 
later stage of the TNFa biosynthetic pathway. 

PMA Enhances TNFa mRNA Stability— The time course 
study (Fig. 3, B and D) shows that the addition of LPS at 10 
ng/ml led to a quick and transient expression of TNFa 
mRNA. Within 30 min, 50% of the TNFa mRNA was in- 
duced, and by 60 min maximal expression was achieved After 
90 min, the steady-state level of TNFa mRNA began to 
decrease, and TNFa mRNA disappeared almost completely 
after 6 h of incubation with LPS. The addition of PMA (which 
had no detectable effect by itself on the induction of TNFa 
mRNA at early times) led to an increased steady-state level 
of TNFa mRNA at later times. The higher level of TNFa 
mRNA observed in the presence of PMA apparently resulted 
from an increase of TNFa mRNA stability, because aa shown 
in Fig. 3 A and C, PMA alone was unable to induce TNFa 
mRNA expression. To investigate this issue further, we meas- 
ured the half-life of TNFa mRNA using actinomycin D (5 
Mg/ml) to inhibit RNA synthesis. As indicated in Fig. 4, in 
the presence of PMA, the half-life of TNFa mRNA was 
increased. The values determined for TNFa mRNA disap- 
pearance in cells treated or not treated with PMA together 
with actinomycin D were 33 and 12 min, respectively. The 
addition of PMA 1 h before actinomycin D led to an even 
greater stabilization of TNFa mRNA (t m « 48 min). Thus, 
the somewhat higher induction of TNFa mRNA at later times 
in the presence of PMA may be explained by stabilization of 
TNFa mRNA. However, this modest stabilization of TNFa 
roRNA by PMA does not adequately explain the much greater 
effect of PMA on TNFa secretion. 

LPS Antagonists Block LPS-induced mRNA Synthesis in 
Mono Mac 6 Cells— As observed by Golenblock et al (30) with 
human THP-1 cells and with human monocytes, lipid IV A , an 
underacyiated disaccharide precursor of lipid A, is also a 
potent antagonist of LPS action on human Mono Mac 6 cells 
(data not shown). TNFa mRNA expression in LPS-treated 



Fig. 3. TNFo mRNA expression 
in Mono Mac 6 cells after stimula- 
tion with LPS and PMA. A, Mono 
Mac 6 cells at a density of 2.5 x 10*/ml 
were stimulated 2 h with varying concen- 
trations of LPS in the presence or ab- 
sence of PMA (30 ng/ml) in complete 
medium. Then total RNA was isolated 
and analyzed for TNFa mRNA content, 
as described under "Experimental Pro- 
cedures." B, Mono Mac 6 cells at a den- 
sity of 2.5 x 10*/ml were stimulated by 
10 ng/ml of LPS in the presence or ab- 
sence of PMA (30 ng/ml) in complete 
medium at 37 *C. At the indicated times, 
total RNA #as isolated and analyzed for 
TNFn mRNA content. C and D, the 
values represent the arbitrary units of 
TNFn mRNA contents of the cells after 
stimulation by LPS in the absence (O) 
or presence of PMA ( ), obtained by 
densitometry scanning of Northerr blot 
autoradiography from A and /?, respec- 
tively, and normalized to the 0-actin sig- 
nals. 
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Fic. 4. Stabilization of TNFa roRNA by PMA. Mono Mac 6 
cells were stimulated for 1 h with LPS in the absence (a and Jr. O and 
A) or presence of 30 ng/ml PMA <r, •). At time 0 5 „g/ml , of 
ac .nomycin D (+ACT />; O. A) or nothing i-ACTD) was added 
in the absence (a; O) or presence (6 and c, A) of 30 ng/ml PMA 
At the indicated times, total RNA was isolated and analyzed for 
TNFa mRNA. The amount of TNFa mRNA was quantitated by 
densitometry of Northern blot autoradiography (A ) after norroaliia- 
tion to 0-actin signals. Toe ratio (R/R.) of the residual amount [R) 
of TNFa mRNA determined at the times indicated to the initial 
amount of TNFa mRNA (K.) at time 0 is plotted in fl. 

cells and TNFa secretion from PMA/LPS-stimulated cells 
are both inhibited. Furthermore, the LPS antagonist, RSLA 
(8), also blocks the stimulatory effect of LPS on TNFa mRNA 
expression in human Mono Mac 6 cells (data not shown , as 
it does in RAW cells. Despite the differences in the physiology 
of these three cell lines, RSLA behaves as an antagonist in 
all instances, suggesting that the receptor(s) involved in the 
early stages of signal transduction are similar. 

A 26-kDa Protein Precursor of TNFa in LPS-treated Mono 
Mac 6 Ce/Za-The PMA dependence of TNFa secretion in 
LPS-stimulated Mono Mac 6 cells might be the result of a 
regulatory effect of PMA on TNFa mRNA translation, on 
cellular TNFa protein stabilization, and/or the TNFa secre- 
tion process itself. To examine cellular TNFa protein synthe- 
sis in Mono Mac 6 cells, the cells were metabolically labeled 
with rS]cysteine and treated with LPS and PMA for 2J h. 
Next, cell lysates and culture supernatant* were subjected to 
TNFa protein analysis by immunoprecipitation, as explained 
under -Experimental Procedures." The results of this analysis 
are presented in Fig. 5 and show that high levels of ma tu re 
17-kDa TNFa were observed only in media or LPb/f ma- 
treated cells (Fig. 5, lane 31 but not of LPS-treated cells (Fig. 

5f lnce\\ lysates a 26-kDa protein corresponding to the 26- 
kDa TNFa precursor was detected, irrespective of wither 
cells were stimulated by LPS or LPS/PMA (Fig. 5 lan*» 8 
and 9). These findings exclude an effect of PMA on glycosyl- 



Fig. 5. Immunoprecipitation analysis of TNFa from Mono 
Mac 6 cell lysates and culture supernatant*. Mono Mac 6 cell* 
at a density of 2.5 x 107ml were incubated for 2.5 h at 37 C in the 
presence or absence of LPS (10 ng/ml), and with or without PMA 
(30ng/ml) in the labeling medium, as indicated and described under 
-Experimental Procedures.- Lysates from 5 x 10* cells ((ones 7-12) 
or 1 ml of the culture supernatant* (lanes 1-6) were immun^recipi- 
tated with anti-human TNFa rabbit IgG (tanet 1-3 and 7-9) or with 
preimmune rabbit IgG (lane$ 4-6 and 10-12) and analyzed byelec- 
trophoresis. The positions of molecular weight markers are shown on 
the left, and TNFa immunoreactive bands are identified by their 
apparent molecular weight at the right. 

ation (14) or acylation (31) in these cells. Although a protein 
of 17 kDa was also detected in Mono Mac 6 cell lysates, this 
did not correspond to mature TNFa, because it was seen after 
precipitation with either immune antibody or preimmune 
antibody (lanes 7-9 and 10-12, respectively). The band at 17 
kDa, as well as those at 200, 93, 51, 45, and 33 kDa detected 
in whole cell lysates, were probably precipitated by nonspe- 
cific interactions. 

We could not exclude the possibility that treatment with 
PMA, an activator of PKC, stimulated the phosphorylation 
of TNFa, although no one has described the phosphorylation 
of TNFa. No w P-labeled TNFa was detected in lysates of 
[ M P]orthophosphate-labeled Mono Mac 6 cells under any of 
the conditions of stimulation tested, indicating that TNFa 
was not phosphorylated, even aft>r stimulation with LPS/ 
PMA (data not shown). 

Time Course of TNFa Synthesis and Secretion— Wt next 
examined the time course of TNFa protein expression in 
response to LPS and PMA stimulation. As expected, the 
mature 17-kDa TNFa could be detected only in the culture 
supernatant* of the cells treated with LPS (10 ^ml) m 
combination with PMA (30 ng/ml) (Fig. 6, A and C). The 17- 
kDa TNFa appeared in the medium after a las; of 60 mm end 
accumulated during the time of the stimulation. A quantifi- 
cation of the secreted TNFa by radioimmunoassay as function 
of time (Fig. 6D) showed that the maximal secretion ofTNf a 
was reached between 4 and 6 h of stimulation by LPS and 

P The time course of the induction of the intracellular 26- 
kDa TNFa in response to LPS with or without PMA is shown 
Fig 6 A and fl. After 30 min of incubation with 10 ng/ml of 
LPS alone or in presence of 30 ng/ml of PMA, the 26-kDa 
TNFa was already expressed and reached a maximum after 
90 min of stimulation. The kinetics of the expression of the 
cellular 26-kDa TNFa protein (Fig. 6. A and fl) were very 
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Fig. 6. Immunol \ ^ton ana.'* 
yals of TNFr /. - * func- 

tion of time. A u Mor o - , cells at 
a density o. " XV* 'mi v •* incubated 
in the labelir* mediu * 37 X with 
LPS (10 ng/mij in the pr» Mice (•) or 
absence (O) of PMA (30 ng/ml). At the 
timet indicated, cell lysatei were pre- 
pared, and media were collected for im- 
munoprecipiution of TNFa with anti- 
human TNFa IgG, as detailed under 
"Experimental Procedures. " All samples 
were analyzed by SDS-polyacrylamide 
gel electrophoresis, and the quantifica- 
tion of cellular and secreted TNFa was 
determined by Phosphorimager analysis 
of the gels. The densitometry units ob- 
tained for the cellular TNFa and for the 
secreted TNFa are shown in curves B 
and C p respectively. D, Mono Mac 6 cells 
at a density of 2.5 x 107ml were incu- 
bated in complete medium with LPS (10 
ng/ml) in the presence (•) or absence 
(O) of PMA (30 ng/ml). At the times 
indicated, the media were collected and 
assayed for TNFa by RIA. Points and 
error ban represent the the mean and 
range of duplicate samples. 



similar under both conditions, but the levels of the 26-kDa 
protein were about 2-fold higher in presence of PMA than in 
its absence. This observation could be explained by the higher 
level of TNFa mRNA under these culture conditions (Fig. 3, 
BandD). 

To exclude that PMA was also causing a stabilizing effect 
at the prof in level, the halMife of the 26-kDa TNFa was 
examined in a pulse-chase experiment. The kinetics of dis- 
appearance of cellular 26-kDa TNFa during a chase initiated 
after a 45-min labeling period in the presence of 10 ng/ml 
LPS (analyzed by immunoprecipitation and electrophoresis) 
are shown in Fig. 7. The addition of PMA (30 ng/ml) during 
the chase period led to a faster disappearance of TNFa in 
cells (from t xn « 28 min to t xn » 14 min), probably by 
induction of TNFa secretion. As shown in Fig. 6, A and B, 
and in Fig. 7, the 26-kDa TNFa did not accumulate to a 
greater extent in the cells treated with LPS than with LPS/ 
PMA. Given that the TNFa was not secreted into the extra- 
cellular medium during stimulation with LPS alone, intracel- 
lular degradation may be occurring to prevent further accu- 
mulation. 

PMA Has a Specific and Direct Effect on TNFa Secretion— 
We investigated this last issue by examining the rate of 
secretion of TNFa under different incubation conditions. As 
indicated in the scheme at the bottom of Fig. 8, cells were 
preincubated for 1 h without any stimulants, with LPS alone, 
with PMA alone, or with both LPS and PMA. Next (referred 
to as time 0 in the experiment), PMA and/or LPS were added 
to various cultures, as indicated, and the resulting superna- 
tant* were analyzed for TNFa by radioimmunoassay after 
different times (Fig. 8). A lag of 60 min was observed before 
17-kDa TNFa could be detected in the medium of untreated 
or PMA-pretreated cells, followed by the addition of LPS and 
PMA at time 0. This lag corresponded approximately to the 
time needed for rull induction of TNFa mRNA and 26-kDa 
TNFa (Fig. 3, B and D, and Fig. 5, A and B, respectively). In 
contrast, as soon as PMA was added to the culture medium 
of LPS-pretreated cells, there was an immediate release of 17- 
kDa TNFa. Following the addition of PMA to LPS-pretreated 
cells, the TNFa secretion rate became identical to that ob- 




mlmftaa 

Fig. 7. Effect of PMA on turnover of ["SJ-labeled 26-kDa 
TNFa precursor. Mono Mac 6 cells at a density of 2.5 X 107ml 
were stimulated in complete medium with LPS (10 ng/ml) in the 
presence of 10 pCi of ["Sfcysteine, 1 x 10 s ceils for 50 min. The cells 
were washed and then stimulated again in complete medium with 
LPS (10 ng/ml) in the absence (O) or presence (•) of PMA (30 ng/ 
ml). Cell lysates were prepared at the times indicated (time 0 of the 
curve is time 0 of the chase). TNFa was immunoprecipitat-d and 
analyzed by SDS-polyacrylamide gel electrophoresis. The TNFa 
amounts were quantitated by Phosphorimager analysis. The ratio (P/ 
P n ) of the residual amount (P) determined at the times indicated to 
the initial amount (PJ determined at time 0 is plotted. 

served with cells preincubated in the presence of the combi- 
nation of LPS and PMA (Fig. 8). These results indicate that 
the 26-kDa TNFa was synthesized normally in LPS-stimu- 
iated cells, but not secreted, as suggested by Figs. 5 and 6, 
and that it was susceptible to instantaneous processing and 
secretion in response to PMA specifically. 

The TNFa secretion rate following PMA addition to LPS- 
pretreated cells was not higher than that of the LPS and 
PMA preincubated cells (Fig, 8), confirming that in cells 
utiraulated by LPS alone, the 26-kDa protein did not accu- 
mulate to generate an extraordinarily large intracellular pool. 
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Fig. 8. PMA effect on the induction of TNFa secretion in 
Mono Mac 6 cells. Mono Mac 6 cells at a density of 2.5 x 107ml 
were preincu bated for 1 h in complete medium (A) supplemented 
with LPS (10 ng/ml) <□, 0). with PMA (30 nR/ml) (■), or with LPS 
and PMA (•). Then, referred as to time 0 on the curve, media were 
removed and replaced by a fresh complete medium, supplemented 
with LPS alone <□> or with LPS and PMA (A. ■. O). At the times 
indicated, media were collected and analyzed for TNFa immunoreac* 
tivity by RIA. Point* and error ban represent the mean and range of 
duplicate samples. 

It x^ay be that TNFa secretion is coupled to translation. In 
LPS, as in LPS/PMA pretreated cells, the subsequent addi- 
tion of cycloheximide at time 0 inhibited PMA-induced secre- 
tion of TNFa fully and immediately (data not shown in Fig. 

8). 

All these results taken together suggest that PMA facili- 
tates the secretion of TNFa in Mono Mac 6 cells. In the 
presence of LPS alone, the synthesis of the 26-kDa TNFa 
precursor does occur, but may be accompanied by intracellular 
degradation to maintain a relatively low steady state pool. In 
the presence of PMA, this intracellular degradation is less 
likely to occur, because TNFa molecules are rapidly processed 
and secreted into the medium. 

DISCUSSION 

The stimulatory effect* of PMA on macrophage and mon- 
ocyte function have been studied extensively (16, 17, 32-37). 
Depending on the cell type, early activation events include 
the release of arachidonic acid (32), the phosphorylation of 
proteins (33), and the expression of genes, such as c-fos and 
c-myc (34). Later events include the stimulation of cytokine 
synthesis (35), particularly the production of TNFa (36, 37). 
In many instances PMA addition leads to increased TNFa 
gene transcription (16) and/or TNFa mRNA stabilization 
(17). LPS has similar effects on the expression of the TNFa 
gene in certain cell lines {?*]. " Jt in other situations LPS 
primes cells for the ability to respond to PMA (52). In all 
these systems it has been difficult to distinguish cause from 
effect at a biochemical level. 

In the present study we have documented a rovel role for 
PMA in stimulating processing and secretion of TNFa in the 
human myelomonocytic cell line Mono Mac 6. These cells 
differ from most lines examined so far in that they ar* nble 
to secret* large amounts of TNFa in response to LPS only 
when PMA is present simultaneously (Figs. 1 and 2). In 



contrast, the mouse macrophage-like cell line, RAW 204.7 
(Ref. 23 and Fig. 1), responds to LPS alone with a significant 
release of TNFa, irrespective of the presence or absence of 
PMA. Direct analysis of TNFa mRNA revealed that LPS was 
able to stimulate the induction of TNFa mRNA expression 
in Mono Mac 6 cells (Fig. 3), whether or not PMA was present 
Unlike some monocytic human cell lines, which need prein- 
cubation with PMA to become responsive to LPS, such as 
U937 (38) or THP-1 cells (30), PMA was not necessary to 
induce LPS responsiveness in the Mono Mac 6 system. PMA 
actually caused the cells to lose their LPS responsiveness (see 
below). 

Our data confirm that the Mono Mac 6 cell line has many 
of the phenotypic and functional characteristics of peripheral 
blood monocytes, as described by Ziegier-Heitbrock et aL (22). 
However, they claimed that Mono Mac 6 cells were able to 
secrete TNFa in response to LPS (19) alone, as judged by a 
cytotoxicity assay ( M Cr release from WEHI 164 cells). The 
TNFa observed by these workers probably corresponded to 
the small quantities that we detected by our radioimmuno- 
assay (0.2-2 ng/ml) in the absence of PMA, since Ziegler- 
Heitbrock et al (22) did not test the effect of simultaneous 
PMA and LPS addition. However, they did show that cuhur- 
ing the cells for 3 days with PMA inhibited LPS-stimulated 
TNFa secretion. They suggested that this reduction of TNFa 
secretion was due to suppression of TNFa mRNA expression. 
We found that preincubation with PMA for as little as 2 h 
rendered Mono Mac 6 cells significantly less responsive to 
LPS (Fig. 2) in terms of TNFa secretion and that this PMA- 
induced desensitization was maximal after 24 h. We demon- 
strated that PMA-induced desensitization to LPS was not 
occurring at the level of TNFa mRNA production, but rather, 
at a later step of TNFa processing and secretion. The PMA 
desensitization effect on Mono Mac 6 cells might be due to 
PKC down-regulation, as described previously (33, 39), but 
the concentration of PMA (30 ng/ml) we used was lower than 
that known to deplete PKC activity (1 m*M1). 

Several lines of evidence indicate that the stimulation of 
TNFa secretion somehow requires the action of PKC. Pre- 
vious studies have demonstrated that the biologically active 
lipid moieties of lipopolysaccharide can activate PKC in ex- 
tracts of RAW 264.7 cells (40). We found that PMA by itself 
did not stimulate measurable TNFa secretion or TNFa 
mRNA expression in RAW 264.7 cells and that it did not 
induce greater TNFa secretion or TNFa mRNA expression 
when added in combination with LPS. However, inhibitors of 
PKC blunted the ability of LPS to do so (Table I). These 
date suggest that, in RAW 264.7 cells, PKC function may be 
necessary but not sufficient for TNFa secretion. In contrast, 
addition of PMA is needed to induce TNFa secretion in LPS- 
treated Mono Mac 6 cells, suggesting that LPS by itself is not 
able to activate PKC in Mono Mac 6 cells (as has been 
reported for HL60 cells (41)). The ability of LPS to activate 
TNFa mRNA and intracellular TNFa precursor synthesis in 
Mono Mac 6 cells (in the absence of any effect of PMA by 
itself on TNFa mRNA expression) suggests that PKC acti- 
vation is necessary at a very late step in TNFa biogenesis, 
possibly during secretion. 

Nevertheless, it is generally believed that TNFa production 
stimulated by PMA is mediated by a PKC-dependent pathway 
operating at the level of TNFa mRNA synthesis in murine 
macrophages (42). In the human TNFa gene, PMA-respon- 
sive 5 '-flanking sequences are present, although their exact 
function remains uncertain (43). The difference!* in the reg- 
ulation of cytokine synthesis in commonly used cell types are 
significant and require further investigation. 
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In thioglycollate-elictted mouse macrophage** :t has been 
reported that i * Fa gene is actively transcribed, but is 
not tran ^' hi ' 'n, indicating that TNFa production 
is ~»"uiat' i prima u -v the translations! level in these cells 
(21, 44/. Our t^f tents (Figs, 5-9) demonstrated that LPS 
alone could Induce ie full expression of the 26-kDa TNFa 
precursor protein but not the appearance of mature 17-kDa 
TNFa in the medium. We conclude that PMA- mediated 
regulation of TNFa production in Mono Mac 6 cells must 
occur at the posttranslathnal level. The fact that an imme- 
diate release of mature TNFa occurs after PMA addition to 
LPS pretreated cells is the best evidence that PMA affects a 
late stage in the processing of TNFa. 

Phosphorylation is an important mechanism involved in 
transporting and targeting of newly synthesized proteins (45, 
46). LPS activation of IL-1 synthesis is accompanied by the 
phosphorylation of IL-1 precursor molecule, facilitating the 
processing and/or release of mature IL-1 (47, 48), We have 
shown that the 26-kDa precursor TNFa, unlike the IL-1 
precursor, is not phosphorylated under any of the conditions 
tested This observation raises the question of why PKC 
activation by PMA is needed to induce TNFa secretion in 
Mono Mac 6 cells. 

First, phosphorylation may play a role in the intracellular 
routing of TNFa precursor. The intracellular localization of 
TNFa remains unknown. It has been shown that TNFa is 
present in the Golgi apparatus of human monocytes and T 
lymphocytes (49). In murine macrophages (11), in human 
monocytes (50), and in a TNFa nonsecreting mutant cell line 
(13), TNFa was also found in the plasma membrane. 

Second, phosphorylation may activate an enzyme respon- 
sible for the proteolysis of the precursor of TNFa, allowing 
its release into the medium. The suppression of TNFa secre- 
tion by the inhibitor p-tolueneBuIfonyl-L-arginine methyl es- 
ter has suggested the possibility that TNFa secretion is de- 
pendent upon the action of serine proteases (51). 

In summary, the unusual effects of PMA on TNFa produc- 
tion that we have observed in human Mono Mac 6 cells should 
provide novel insights into the biochemical events involved 
in the processing and secretion of TNFa. 
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ABBREVIATIONS 






The following abbreviations and synonyms will be used 






AIX C - antibody-dependent cytotoxicity IL-I 


interleukin 1 




C HI - cycloheximide EPS 


bacterial lypopoly saccharides 




CTX = exotoxins LT 


lymphotoxin 




OTH - dela\ed-t\pe h\ persensiti\ it\ mAb 


monoclonal antibody 


plex 


HA = hemagglutination units MHC 


major histocompatibility com 


UN interferon MP 


m o n o n uc 1 e a r p h a g oc y t es 
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NK = natural killer 
NKCF = natural killer cytotoxic factor 
PAGE = polyacrylamide gel electrophoresis 
PBMC - peripheral-blood mononuclear 
leukocytes 



PHA = phytohaemagglutinin 

PMA = 4/fphorbol-I2-myristate-I3-acetate 

SDS - sodium dodecyl sulphate 

TNF - tumour necrosis factor 

VSV = vesicular stomatitis virus 



I INTRODUCTION 

Awareness of the anticellular activity of the interferons (IFNs), and of the 
existence of cytokines other than IFNs with anticellular activity, has 
developed in parallel. Initial studies on the anticellular effects of IFNs were 
with crude preparations (Pauker et <//., 1962). This raised doubts about 
whether I FN in these preparations did indeed mediate the observed effects, 
and not other, contaminating, cytokines. Conversely, the existence of cyto- 
kines, other than IFNs, with cytotoxic activity Ccytotoxins , — CTXs) has for 
quite a time been questioned in view of the fact that the crude preparations 
in which these mediators were detected. (Granger and Kolb, 1968; Ruddle 
and Waksman, 1968; Carswell et aL 1975) did contain IFNs. With the 
purification of IFNs and, very recently, two CTXs— lymphotoxin and 
tumour necrosis factor (Aggarwal et aL 1984, 1985; Haranaka et al. y 1985) 
^it was confirmed that both the IFNs and the CTXs have their own anti- 
cellular activities. It was also observed that the two kinds of mediators may 
act in concert: their anticellular activities are synergistic; other effects of 
CTXs, besides their anticellular ones, are also potentiated by IFNs. Further- 
more, IFNs promote the formation of CTXs, and CTXs can induce the 
formation of IFNs. 

We are attempting now to throw light on the mechanisms which underlie 
these interrelationships of IFNs and CTXs and to understand their physio- 
logical significance. Our concepts on these subjects are still in a state of flux. 
In fact, even the terminology for the CTXs is still undefined and may have 
to remain so until we have a better idea of the extent of multiplicity and 
heterogeneity of the CTXs. In ,this review, I have tried to extract from the 
fragmentary information available as comprehensive an understanding as 
possible and to speculate on aspects in which there are still gaps in our 
knowledge. A suggestion made by Donald Metcalf (1975) may be appro- 
priate to apply at this point: ^Remember that no matter how enthusiastic you 
may be about the significance of your observations, if your paper is re-read 
in 1 0 years' time, your original interpretation of the data will almost certainly 
be wrong, if not hilariously so/ It may take much less than 10 years in the 
field of CTX research. 

This review focuses on those aspects of our knowledge of CTXs concerning 
the interrelationship between CTXs and IFNs. For a survey of other aspects 
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of CTX research there are a number of useful reviews (Rosenau, 1980; 
Klostergaard et a/., 1981; Ruff and GhTord, 1981a; Ruddle et al. y 1983). 



II THE CYTOTOXINS 

A Terminology 

There is at present some ambiguity in the terminology of the CTXs. Terms 
coined in the past for crude preparations of CTX have now been adopted for 
the purified proteins (Table I). Yet cytotoxic activities of the crude prepara- 
tions cannot always be fully accounted for by those of the isolated proteins 
bearing the same name. Furthermore, we now know that there is a significant 
overlap in the kinds of CTXs present in crude preparations that were given 
differing names. To avoid misunderstanding, I have chosen to refer in this 
review to all crude preparations of the proteins by the general term cyto- 
toxic, specifying when necessary the conditions of induction. (An exception 
is the term NKCF' which will be used here, as elsewhere, for describing the 
CTXs produced by NK cells in response to tumor cells.) The terms 'lym- 
photoxin 1 and TNF* will be applied solely in reference to the purified 
proteins. 

Nevertheless, it may be useful to review briefly the various terms for 
the crude CTX preparations formerly in use, as a way of introducing some 
of the major milestones in CTX research. The term Mymphotoxin 1 (LT) was 
coined for CTX preparations induced in lymphocyte cultures by mitogenic 
lectins and by antigens. These were first described by Granger and Kolb 
(1968) and by Ruddle and Waksman (1968). Later studies, primarily by 
G. Granger and his collaborators, demonstrated heterogeneity in physio- 
chemical as well as in serological propeFties of PHA-induced CTXs. Differing 
fractions of such preparations, separated by gel filtration and by ion- 
exchange chromatography, have been termed *LT-a, /? and / for what 
appeared to be main size populations of the CTXs. LT-al denoted a subfrac- 
tion of LT-a in DEAE-cellulose chromatography, and so on (<?./. Granger 
et aL 1978). 

Production of some cytotoxic factors also by cultured mononuclear 
phagocytes (MP) was noted quite some time ago (cf. Pincus, 1967). However, 
the first detection of that specific CTX we now call Humor necrosis factor' 
(TN F) can be traced to a study in 1 975, describing induction of haemorrhagic 
necrosis in a transplantable methylcholanthrene-induced sarcoma by in vivo 
produced CTXs. These CTXs were induced by injecting mice with bacterial 
lipopolysaccharides (LPS) following priming with Bacillus-Calmette Guerin 
(Carswell et ai % 1975). Initially circumstantial evidence, and later serological 
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examination (Mannel et a/., 1980), affirmed the identity of these CTXs 
produced in vivo with those produced in vitro by cultured mononuclear 
phagocytes (MP). 

More recent studies have demonstrated production of CTXs also by 
natural-killer (NK) cells, in response to certain tumour target cells; those 
CTX preparations were termed Natural killer cytotoxic factors 1 (NKCF) 
(Wright and Bonavida, 1982). 

B Characteristics of the Isolated CTXs. 

Crude preparations of lymphotoxins, tumour necrosis factor and NKCF all 
contain IFNs. Since IFNs by themselves can exert cytostatic and cytotoxic 
activities, separating the two kinds of factors depends on first defining 
functional criteria whereby they differ from each other. The most evident 
difference between the two is that CTXs do not have the antiviral activity that 
characterizes the IFNs. In addition, clear differences can also be discerned in 
the way IFNs and CTXs exert their anticellular effects: killing of cells by 
IFNs, fike all other effects of the IFNs, is dependent on synthesis of some 
proteins in the affected cell. On the other hand, cell killing by CTXs is found 
to be mediated independently of protein synthesis and, in fact, to be greatly 
potentiated by inhibitors of protein and of RNA synthesis. Furthermore, 
species-specificity to the extent observed in I FN function is not observed in 
the cytotoxic function of CTX preparations. 

As shown in Fig. 1 , which demonstrates separation of a CTX (TNF) 
from an IFN (IFN-y) and separation of the mRNAs for the two proteins, 
these functional differences between CTXs and IFNs can allow specific 
detection of the one in the presence of the other. IFNs can be determined in 
the presence of CTXs by measuring the antiviral effect of the former, while 
CTXs can be specifically determined in the presence of IFN by measuring 
cytotoxic effects exerted in the presence of inhibitors of RNA or of protein 
synthesis. Alternatively, the cytotoxic activity of CTXs can be specifically 
determined in the presence of IFNs by using cells of a remote animal species 
which would not respond to the species-specific IFN effect (e.g. use of mouse 
L929 cells for detecting human TNF). 

Two CTXs have recently been isolated — one, a glycoprotein with an M T of 
about 25 Kd was isolated from preparations of CTXs produced by cells of a 
B-lymphoblastoid cell line (Aggarwal et a/., 1984) and the other, a non- 
glycosylated protein, with an M T of about 17Kd— from preparations of the 
CTXs induced in cells of a promyelocyte cell line (Aggarwal et a/., 1985a; 
Haranaka et a/., 1985). The two proteins turned out to be closely related in 
structure, so that while initially they were called lymphotoxin (LT) and 
tumour necrosis factor (TNF), it was suggested recently that they be named 
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TNF fi and a respect.ve.y. The mouse homo.ogue of TNF was .mtially «Ued 
necrosin (Kull and Cuatrecasas, 1984). This term was coined by Mcnkin 
0 943) for an « Wv*. induced factor, recovered from pleural exudates of dogs 
'injected with turpentine, that could induce cellular injury ,n an.mals resem- 
hlintr that observed in inflammation. . 

The amino acid sequence of LT and TNF, as established from analysis of 
the Ite'ns themselves as well as from sequencing their complementary and 
genomic DNAs, were found to be remarkably homologous 
f 9 84 1985- Gray et aL 1984; Pennica et aL 1984; Sh.ra, et al, 1985, Wang 
/' QRV Fransen ,r al 1985). By introducing gaps in the structure of LT, 
I et ^u™b:;.igned w2h an identity of 28% and with hom^ogy 
(includmg Conservative changes) of 46% of their ammo acid. D '^esare 
argely confined to a single region in the molecules (rescues 69-^1 01 jn TNF 
and 86- 118 in LT) That 32-amino-acid region is. in TNF, confined by a 
sulfide or,; g e (between cystems 69 and ,01) ^f^T °" 
this sequence a loop structure separated from the rest of th 

The similarity in structure between TNF and LT ,s reflected n their 
funct oriich" so far. appear to be indistinguishable. However^ the de- 
ferences in structure between the two proteins may ye, be , found to be 
functionally meaningful. The sequence homology LT 18 

significantly less than that between human and mouse TNF (Fransen et at., 
signihcantiy met Penmca et al 1985). Almost complete homo- 

SK^SS EESStSEtt** or the two mRNAs (Wal.ach 

Ml Konat.on of a cvlo.ne ^rS^ 
adsorbents constructed with mAbs against TNr (A), ir fN , 

stimulated human PBMC. RNA extracted f ~™^ e ° h f ^ e o !^^ (.) as well as the cytotoxic 
oocytes and the level of cytotoxic activity in ^V^^rw^^rm toed 24 hours following 
(O) and IFN activity (a) in the oocyte incubation media were determin 

microinjection. ototoxic effect on SV-80 cells in the presence 

TNF activity was determined by ^^f.^^^^tttcciiaVe^i^oimtitiM 
of CHI and IFN-activity by determining reduction in the cytopnat.c eneci 
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through evolution, of parts of TNF differing from LT implies that these 
sequences are functionally important and that their alteration in the evol- 
ution of LT may be functionally meaningful. 

At present it is not clear how many other CTXs there are besides TNF and 
LT. The recently described k perpho^ins , are CTXs that appear to function 
quite differently from LT and TNF and are therefore likely to differ from 
these proteins in structure as well. The perphorins are components of cyto- 
plasmic granules of cytotoxic T-lymphocytes and of NK cells. Upon interac- 
tion of the isolated granules or of the intact cytotoxic cells with membranes 
the proteins form, in a Ca 2 " -dependent manner, tubular complexes that are 
inserted into the membranes and cause cytolysis (Podack (1985)). Purifi- 
cation of "perphorin" and initial characterization of its molecular properties 
have recently been reported (Young et ai, 1986). 

There have been a few reports of purification of some other CTXs that 
apparently differ from TNF and LT (e.g. Ransom et al., 1985; Rubin et al., 
1985). Moreover, some proteins of non leukocyte origin which exert cyto- 
static effects have also been isolated (e.g. cf. Roberts et al, 1985). It is not yet 
known to what extent, if any, these proteins are structurally related to TNF 
and LT. 



Ill CTX FORMATION AND ITS ENHANCEMENT BY I FN 

A Production of CTXs and of IFN in Response to the Same Inducing 
Agents 

A considerable number of agents were found to induce the production of 
CTXs. As demonstrated in Fig. 2, effective production of CTXs can be 
induced in human peripheral blood mononuclear cells (PBMC) by agents as 
different from each other as phytohaemagglutinin (PHA) and Sendai virus. 
These two agents induce the proteins by affecting different kinds of leuko- 
cytes. Sendai virus induces the production of CTXs in MP, while PHA 
induces CTXs by stimulating non-adherent mononuclear cells (apparently 
T-cells) (Table II). Other T cell mitogens— such as foreign antigens— also 
induce CTXs in T cells (Ruddle et al. % 1985). In addition, bacterial lipopoly- 
saccharides induce CTXs in MP (Ruff and Glifford, 1981a); the diterpene 
tumour promotor 4-/?-phorbol-12-myristate-l 3-acetate (PMA) induces 
CTXs in MP as well as in certain lymphoid B and T cell lines (Gifford 
et aL 1984; Williamson et al., 1983; Adolf, 1984) and tumour cells can 
induce CTXs both in MP and in NK cells (Mannel, 1981; Wright and 
Bonavida, 1982). The main CTX found to be produced by MP is TNF, 
while lymphocytes were reported to produce primarily LT (Chroboczek- 
Kelker et al., 1985). 
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Fig. 2 . Induction of CTXs in human PBMC ( 10 7 cells ml) with Sendai virus (500 HA/ml) and 
with PHA (5/<g ml) (Aderka et al., 1986a). 
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II Differing Responsiveness of Mononuclear Phagocytes and of the 
Nonadherent Fraction of PBMC to Different Inducers of CTXs 



Nonadherent PBMC 



Inducer 


MP 


(Primarily T-lymphocytes) 




CTX Yields (U/ml) 


None 


10 


<5 


PHA (5/ig/mI) 


15 


95 


Con-A (20 ng/ml) 


15 


35 


LPS (lO^g'ml) 


30 


<5 


PMA (5ng ml) 


330 


10 


Sendai virus (500 HA ml) 


3000 


15 


LPS + PMA 


2600 


10 



CTX induction (for 24 hours) by various agents, in fractionated human peripheral-blood 
mononuclear cells (PBMC) (Aderka et ai, 1986a). 
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Agents that stimulate T lymphocytes may, however, be found to induce 
significant production of TNF as well in cultures of PBMC, apparently 
through indirect stimulation of MP by the stimulated T cells (Aderka et al 
1986a; Nedwin et al, 1985). The identity of the CTXs comprising NKCF 
preparations is not yet clear. There have been preliminary reports suggesting 
that these preparations may contain TNF as well as CTXs that differ from 
TNF (Svedersky et al, 1985a; Ortaldo et al % 1985). 

Those agents that induce production of CTXs in the various leukocytes 
also induce IFNs in the same cells (Table I): T cell mitogens induce in T cells 
the production of IFN-y together with LT. Agents that stimulate MP to 
produce TNF also induce in these cells IFN-a and I FN-/?, while in NK 
cells tumour cells induce the production of IFN-a as well as NKCF. 
Indeed, significant amounts of IFN would be detected in preparations 
of CTXs (see Matthews 1979; Ware and Granger, 1979). 

B Enhancement of CTX Production by IFN 

To find out if the IFNs produced with CTXs have a regulatory role in CTX 
induction, we have compared the efficiency of CTX production by PBMC 
pretreated with IFN-/? to CTX production by untreated cells. No CTXs were 
induced as a result of treatment by IFN. However, when challenged by PHA, 
the IFN-treated cells produced CTXs at a significantly higher rate than 
untreated cells (Wallach and Hahn, 1983) (Fig. 4A). Furthermore, it could 
be shown, using antibodies to IFN, that production of CTXs by PHA- 
stimulated leukocytes that had not been pretreated by IFN was augmented, 
during prolonged incubation, by the IFN-y produced in situ (Wallach 
et al, 1983). 

Enhancement of CTX production by IFN has turned out to be the rule for 
a variety of processes in which CTXs are formed, including the induction of 
CTXs in PBMC by antibody-coated ceils IL-2, Concanavalin A (Con A), or 
staphylococcal enterotoxin A where, with the use of specific antibodies to 
TNF and LT it could be shown that production of both these CTXs were 
enhanced (Wallach et al, 1983; Svedersky et fl /„ 1985b; Nedwin et al, 1985). 
Production of TNF by mononuclear phagocytes in response to LPS and of 
NKCF by NK cells in response to tumour target cells was also found to be 
enhanced by IFN (Kildahl-Anderson et al, 1985; Farram and Targan, 1983; 
Wright and Bonavida, 1983a; Steinhauer et al, 1985). Furthermore, injection 
of IFN-y into mice potentiated the production of TNF in subsequent injec- 
tion of LPS (G. E. GifTord, and M. L. Lohmann-Matthes, personal com- 
munication). Augmentation in vivo of TNF production by IFN in man could 
be observed in patients with hairy-cell leukemia. The PBMC of these patients 
produce TNF poorly in response to stimulation in vitro by PHA, PMA or 
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Sendai virus However, following a month of treatment by IFN-a, produc- 
?nn of TNF in response to PHA increases, reaching close to normal valueS p 
Ths augmentaS appears to reflect both increase in counUo MP 
and .n responsiveness of the cells to induction of TNF (Aderka et al, 
1986b). 

C Mechanisms Involved 

rTX nroducine cell may also affect the formation of CTXs Since u a 

diagrammatically in Fig. 3. 

; Regular,,,* of CTX formation a, ,he level of CTX-pnJucing cells 

of CTXs occurs within the cell, there are UKeiy fTy 
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AMP level in leukocytes have been found to suppress the formation of CTXs 

(Wallach et al., 1983). . 

One may speculate, on the basis of effects of calcium modulating agents on 
the production of CTXs by lymphocytes, and on the basis of the ability of 
the diterpene ester PM A to induce CTXs in MP and in lymphocytes (Wallach 
etal 1981; Williamson*/*/.. 1983; Gifford et al., 1984 and Adolf, 1984), that 
calcium fluxes or protein phosphorylation initiated by protein kinase C 
(known to be activated by PMA) play a role as mediating signals in the 
production of CTXs by these cells. 

So far the only intracellular event in CTX formation monitored with the 
use of a molecular probe is the transcription of CTX genes. mRNAs for TNF 
and LT could be detected in CTX-producing cells by hybridization to a 
cDNA probe (Gray et al., 1984 and Svederksy et al., 1985b) as well as by 
injection of the RNA into Xenopus oocytes, where it could be translated to 
biologically active TNF molecules (Wallach et al., 1984, and Fig. 1C). With 
either of these techniques, significant increases in CTX mRNA upon CTX 
induction could be detected, indicating regulation of CTX formation on the 
level of synthesis, processing or degradation of mRNA (Wallach et al., 1984 
and Svedersky et al., 1985b). 

Little information is available as to the nature of post-translational events 
in CTX induction. In the formation of TNF, post-translational processing, 
involving the removal of a long signal peptide, has to occur prior to release 
of these molecules from the cell. The site and mechanism of this processing 
have not been identified as yet. Indirect evidence based on the effects of 
protein synthesis and cytoskeletal inhibitors on the release of CTXs by 
lectin-stimulated lymphocytes, and localization studies using antibodies 
raised against partially purified preparations of these CTXs, were interpreted 
as suggesting that CTXs can accumulate in lymphocytes both intracellular^ 
and on the cell surface (see Hiserodt et al., 1977, 1979). 

Evidence for mtracellular accumulation of NKCF in NK cells has also 
been presented based on detection of NKCF-like activity in homogenates of 
these cells (Wright and Bonavida. 1983a). The presence of NKCF in intra- 
cellular stores is also indicated by the ability of antibodies to Preparations of 
the large granules of NK cells to block the cytotoxic activity of NKCF 
(Ortaldo et al.. 1985). Furthermore, antibodies raised against partially 
purified MP-produced CTXs were shown to interact with intracellular pro- 
teins in mononuclear phagocytes (Kildahl-Andersen et al., 1985). The use of 
monospecific antibodies to CTXs should now generate more reliable and 
detailed information on the subcellular localization of CTXs within C 1 X 
producing cells and on the mechanisms of their release. 

In an attempt to clarify the IFN-regulated mechanisms that take part in 
the enhancement of CTX formation by lectin-stimulated PBMC pretreated 
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with IFN, we first questioned whether the IFN-induced changes in this case 
occur in the CTX-producing cells themselves or are the result of a secondary 
effect, due to altered production of regulatory cytokines secreted by some 
leukocytes within the heterogeneous population of the PBMC Preliminary 
data (Fig. 4) suggest that lectin-stimulated PBMC secrete cytokines, distinct 
from IFN (or CTXs), that enhance CTX formation as effectively as IFN. 
When applied on PBMC, IFN-free preparations of these cytokines did not 
induce production of CTXs (except at significantly higher concentrations 
than used in our experiments). However, on subsequent stimulation by PHA, 
PBMC treated at the lower concentrations of cytokines responded much 
more rapidly than non-treated cells in release of CTXs. In fact, this occurred 
just as rapidly as CTX release from IFN-pretreated cells (Fig. 4A). 

The amounts of cytokines responsible for this effect could be estimated 
indirectly by determining how effectively the cytokine preparations enhanced 
CTX formation (Fig. 4B). Thus, it was shown that IFN-pretreated leukocytes 
produce more of these cytokines than cells that were not treated by IFN 
(Fig. 4C). Although the cytokines responsible for this effect have not yet been 
identified, the findings in this experimental system indicate that IFN-induced 
enhancement of CTX formation, at least in part, indirectly reflects enhanced 
formation of cytokines which themselves have a stimulatory effect on CTX 
formation. This complex mode of regulation by IFN may result in enhanced, 
cascade-like, stimulatory effect. 

*CTX formation and function may also be modulated by suppressive 
'factors. The delayed type hypersensitivity (DTH) response, which probably 
involves CTX formation (see below), can be effectively blocked by suppressor 
cells. The decreased activity of suppressor cells, observed following treatment 
by IFN (Knop et al., 1982) may further contribute to an increase in forma- 
tion of CTXs. 

Regulatory cytokines may function also as direct inducers of CTXs. 
Interleukin-2 was reported to induce effective production of both TNF and 
LT in cultures of PBMC (Svedersky et a/., 1985b; Nedwin et al, 1985). IFN 
may increase the formation of interleukin-2 by enhancing the production of 
interleukin-1 and thus indirectly potentiate CTX production. 

Modulation of production of regulatory cytokines is likely to contribute to 
a significant extent to the effect of IFN on formation of CTXs in cultures of 
mixed populations of leukocytes, where the differing kinds of mononuclear 
leukocytes indeed have marked regulatory effects on each other through the 
action of cytokines they secrete. To find out whether direct effects of IFN on 
CTX-producing cells may also contribute to the enhancement of CTX forma- 
tion, we have sought to examine this regulation in a simpler experimental 
system — a homogeneous population of CTX-producing cells of cultured 
lines. Preliminary results from a study on the effect of IFN on the production 
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Tablk III Increase in Production of CTXs by U937 Cells Following Treatment by 
IFN, TNF or a Crude Leukocyte-produced Cytokine Preparation. 



CTX yield (U/ml) 



Preincubation 


no inducing agents 


LPS 


Sendai virus 




< 5 


<5 


<5 


PMA 


10 


180 


125 


rIFN-y 


<5 


<5 


<5 


PMA + IFN-y 


35 


500 


625 


PMA + TNF 


10 


440 


NT* 


PMA + TNF + IFN-y 


40 


1030 


NT. 


PMA + crude leukocyte cytokines 


NT. 


3130 


NT. 



U937 cells (10 6 cells ml) in samples of 2ml were incubated in 18mm tissue culture wells for 
24 hours with the agents indicated in the first column, then rinsed, brought to 1 ml and incubated 
further for 24 hours either alone or with LPS or with Sendai virus. Yields of CTXs in the cultures 
were then determined by measuring cytotoxic effect on CHI sensitized LI 32 cells. PMA was 
applied at 5ng ml, r IFN-y at 1000 U ml, TNF (native; homogeneously purified on the CT-1 mAb) 
at 100 U ■ml. crude leukocyte cytokines (see below) at 0.2/ig/ml, LPS at lO^g/ml and Sendai 
virus at 500 HA ml. Leukocyte cytokines were induced in PBMC by 36 hours 1 stimulation with 
PMA (5 ug ml) and Con-A (20 /ig/ml), then concentrated by adsorption to controlled- pore glass 
and treated at pH 2.0 as described in the legend to Fig. 4. No IFN or CTX activity could be 
detected in this kind of preparation (unpublished observations). 
•NT.- not tested. 

of CTXs by the human histiocytic lymphoma U937 cells are presented in 
Table III. Although unable to produce CTXs under normal growth con- 
ditions, the U937 cells do produce CTXs (primarily TNF) when induced to 
differentiate with PMA, and produce CTXs to an even greater extent when 
further treated either with LPS or with Sendai virus. As shown in Table III, 
IFN-y enhances formation of the CTXs by the U937 cells. Although even in 
this case an indirect effect of IFN through induction of "autokines", which 
the U937 cells both produce and respond to, cannot be ruled out, it seems 
more likely that IFN enhances the production of CTXs in the U937 cells by 
inducing changes in cellular mechanisms directly involved in the process of 
CTX formation. Effects of regulatory cytokines other than IFN on CTX 
production may also be studied in the U937 cells. TNF itself potentiates the 
production of CTXs (actually its own production) in these cells, and that 
potentiation effect is additive to the effect of IFN-y. Crude preparations of 
leukocyte-produced cytokines, free of both IFN and TNF, also have very 
strong potentiation effects on the production of CTXs by those cells 
(Table III). 

Among the various components and mechanisms within the CTX-producing 
cell whose alteration by IFN may result in augmented production of the 
CTXs, one may first point out two specific receptors involved in these 
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processes: the Fc receptor, whose increase by IFN may contribute to the 
augmented production of CTXs in antibody-dependent cytotoxic reac- 
tions, and the IL-2 receptor, which is also increased by I FN and which 
is likely to be involved in the induction of CTXs by T cell mitogens as 
well as by IL-2 itself. Recent findings by Sverdersky et al (1985b) are 
consistent with the idea that transcription of mRNAs for CTXs is also 
enhanced by I FN. The level of mRNA for this CTX, in PBMC stimulated 
by IL-2 to produce CTXs, was estimated with the use of a cDNA probe 
for LT. In non-stimulated PBMC the concentration of mRNA for LT was 
below the level of detection; however, following treatment by IL-2, significant 
accumulation of the mRNA could be observed. In correlation with the effect 
of I FN on the production of LT itself, the mRNA for this protein did 
not increase on treatment by IFN-y alone; but I FN treatment did enhance 
significantly the increase in mRNA observed on subsequent treatment 
with IL-2. 



Fig. 4 I FN-induced increases in the production of CTXs and of cytokines which enhance CTX 
formation. (A) Kinetics of CTX production by PBMC in response to stimulation by PHA 
following pretreatment by IFN-s (1000 U,. ml) (•) or by IFN-free leukocyte- produced crude 
cytokine preparation (0.2 /jg ml) (■). compared to CTX production in PBMC not pretreated by 
I FN nor by cytokines (O). (B) Titration of the stimulatory effect of the cytokine preparation on 
production of CTXs by PBMC in response to 6 hours' stimulation with PHA. (C) IFN-induced 
increase in production of the cytokines which enhance CTX formation. 

PBMC isolated from freshly donated blood on a Ficoll-Hypaque cushion, were suspended in 
MEM-alpha medium at a concentration of 10 7 cells ml, incubated for 12 hours with I FN or with 
the cytokines and then rinsed and treated with PH A-P (5 /ig/ml). Cytotoxic activity in the culture 
medium was determined with the use of CHI-sensitized SV80 cells. The cytokine preparations 
were produced by treating PBMC for 12 hours with IFN-2 (2000 U/ml in A, B and at varying 
concentrations in C) then rinsing the cells 3 times and applying Concanavalin A (Con-A 
20 ^g, ml) for 24 hours (6 hours in C). In A and B these cytokine preparations were concentrated 
by adsorption to controlled pore glass, eluted with 0.5 M tetramethylammonium chloride, further 
concentrated by ultrafiltration and incubated for 12 hours at pH 2.0. The ConA was eliminated 
in the adsorption to controlled pore glass. Acidification resulted in complete loss of IFN and of 
CTX activity of the cytokine preparation with no decrease in the effectiveness by which the 
cytokines enhanced CTX formation Depletion of IFN-y by applying these cytokine prepara- 
tions on an immunoadsorbent constructed from a monoclonal antibody against that IFN did 
not decrease the effectiveness by which those cytokines augmented production of CTXs either. 
Inclusion of 50 mM a-methyl-[>-mannopyranoside during CTX induction, to interfere with the 
function of any residual Con A, did not decrease the enhancement of CTX formation. Protein 
concentration in the crude cytokine preparation was about 1 /ig/ml of leukocyte culture. In C, 
the preparations of cytokines (produced by cells pretreated with various concentrations of I FN-a 
and then stimulated for 6 hours with Con A) were not concentrated on controlled pore glass but 
just brought to pH 2.0 and 1 2 hours later returned to pH 7.0. The preparations were then applied 
at a dilution of 1 : 5 on PBMC in the presence of a-methyl-D-mannopyranoside (50 mM). The cells 
were incubated with the lymphokines for 12 hours and, after rinsing, for 6 further hours with 
PHA-P (5/ig'ml). yields of CTXs were determined. Yields of CTXs in the absence of pretreat- 
ment by cytokines' were 68 U ml in B and 1 1 Urn! in C. Electrophoretically pure native I FN-a 
was used in all experiments (unpublished observations). 
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2 Regulation at the level of CTX inducing cells 

Additional potential sites for regulation by IFN can be discerned in those 
processes for CTX production in which the inducing agents are cells — cells 
which present foreign antigens on their surface and which induce CTXs in T 
lymphocytes, and tumour cells that induce CTXs in NK cells and in mono- 
nuclear phagocytes. The role of IFN in the production of CTXs by antigen- 
stimulated T cells has not, to my knowledge, yet been examined. In theory 
though, we may expect, that IFN will effectively modulate these processes of 
CTX production by inducing two kinds of changes: increase in major histo- 
compatibility (MHC) proteins, and the antiviral effect, neither when induced 
in the CTX-producing T cells but in the cells that present the stimulating 
antigens to the T-cells. 

As in other processes of antigen-induced T cell activation, in the induction 
of CTXs in T cells, antigens have to be presented in association with the 
MHC proteins. This refers not only to cell-associated foreign antigens, but 
also to soluble antigens, since these are recognized by T cells only after being 
processed (primarily by MP) and exposed on the surface of the processing cell 
in association with MHC proteins. 

Of the two major classes of the MHC proteins (Class I proteins HLA-A, 
-B, -C in man and H2-K and -D in mouse, and Class II proteins including 
HLA-DR in man and la in mouse), it seems that the class II proteins 
primarily take part in CTX induction. After fractionation of T cells, most 
cells capable of producing CTXs in response to antigens were Lyt-1 + cells, 
known to recognize antigens in the context of the class II MHC proteins. 
Little CTX induction could be detected in the Lyt-2 + cells, which recognize 
antigens associated with the class I MHC proteins (Eardley et aL, 1980; Tite 
et ai, 1985). IFNs, most notably, IFN-y, enhance synthesis of the MHC 
proteins, particularly the class II MHC proteins (Lindahl et ai, 1974; 
Wallach, et al. y 1982; Basham and Merigan, 1983). 

In a variety of cells, synthesis of the class II MHC proteins may, in fact, 
be observed only upon treatment by IFN-y. IFN may in this way greatly 
promote antigen-induced CTX production. However, IFN may suppress 
induction of CTXs by antigens when these are virus-derived. This may not 
be an exceptional situation, since infecting viruses are probably the most 
common physiological source of cell-associated foreign antigens. Many 
viruses, however, do not respond to the antiviral effect; cell surface expression 
of viral antigen may even be found to be increased by IFN (Chang et aL, 
1977). 

On the whole, the combined effects of IFN on the MHC antigens and on 
the expression of viral antigens on the cell surface may be expected to result 
in decreased CTX induction by virus-infected cells whenever IFN suppresses 
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replication of the virus, and in enhanced induction of CTXs by infected cells 
that fail to respond to the antiviral effect of IFN. 

There is evidence that in the induction of CTXs in NK cells, too, IFN has 
a regulatory role at the level of the CTX-inducing cells. Mouse Yac cells, 
which can induce the production of NKCF, become less effective inducers 
when treated by IFN (Wright and Bonavida, 1983b). That observation is 
consistent with prior studies showing that IFNs, most notably IFN-y, can 
suppress NK cytotoxicity by inducing resistance to killing in the target cells 
(Trinchien and Santoli, 1978; Wallach, 1983). There is as yet no information 
on the molecular nature of these IFN-induced changes in NK-target cells or 
on the nature of the target structures for NK-cells in general. 



IV CTX EFFECTS AND THEIR POTENTIATION BY IFN 
A CTX Effects 

I Cytotoxic and cytostatic effects 

In mbst studies on the cytotoxic effect of CTXs, the target cells have 
been L929 cells, which are particularly sensitive. From the limited charac- 
terization of the effect of CTXs on other cells, it appears that there is 
a wide spectrum of cells that are potentially sensitive to CTXs. However, in 
most of these cells the cytotoxic effect is rather slow, occurring in incubation 
for several days. A rapid cytotoxic effect, occurring within a few hours of CTX 
application, would not be observed unless the cells had been sensitized 
in some way. Such sensitization can be achieved by treating cells with 
metabolic blockers such as actinomycin D, cycloheximide (CHI), mitomycin-c, 
O-dinitrophenyl or sodium azide (Williams and Granger, 1973; Rosenau et 
a/., 1973; Ruff and Gifford, 1981b; Wallach, 1984, unpublished observa- 
tions). It can also be induced by x-irradiation or by infection of the CTX- 
treated cells with certain viruses (Eifel et a/., 1979; Aderka et aL, 1985; and 
Figs 5 and 6). 

Cells of several lines, including some that are quite resistant to the cyto- 
toxicity of CTXs, can be found to respond to CTXs by arrest of cell growth. 
The relation of this cytostatic effect of CTXs to the cytotoxic activity is not 
clear. Possibly growth arrest by these proteins is, in many cases, an early 
reflection of cellular changes that eventually result in cell death. However, at 
least in some cells, growth arrest by CTXs may reflect specific inhibition of 
growth-related functions, as indicated by the fact that it results in accumula- 
tion of cells in specific stages of the cell cycle. Thus L929 cells were reported 
to respond to TNF in an arrest at G 2 (Darzynkiewicz et aL 1984), and B16 
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Fig. 5 IFN effects on the cytotoxicity of CTXs in SV80 cells (A) and in HeLa cells (B), IFN-a 
(O, •), IFN-/? (□, and I FN-*/ (a, a) were applied at the indicated concentrations prior to 
infection by VSV (solid symbols) or infection by VSV followed by application of CTX (6U/ml, 
open symbols) or application of CTXs alone (6 U/ml, for the three types of IFN, O) (see note 
jn Fig. 6 on the way the CTXs were induced). Note the enhancement of cell-killing at low 
concentrations of IFN as opposed to the protective effect of IFN at higher concentrations 
(Aderka et at., 1985). 

melanoma cells responded to purified LT, and more effectively to LT plus 
IFN-y, in an arrest at the G 0 /G, phase (Lee et aL, 1984). Indeed, there is 
preliminary evidence that transcription of the c-myc oncogene is in certain 
tumour cells, effectively turned off by TNF (Yarden, A., Wallach, D. and 
Kimchi, A. submitted). 

2 Protective and cell growth promoting effects 

Some of the molecular changes 'observed in cells treated by CTX are incon- 
sistent with the cytotoxic and cytostatic functions of these proteins. Rather 
than interfering with viable functions of the cells, CTXs have been found to 
induce an increase in RNA, protein and lipid synthesis (Rosenau, 1980; 
Ostrove and Gifford, 1979). Furthermore, in cells resistant to the cytotoxic 
effect of CTXs, these proteins could even be found to stimulate cell multi- 
plication (Sugarman, et aL, 1985; Fiers et aL, 1986; Vilcek et aL, 1986). As 
discussed below, it appears that these "constructive" effects of CTXs in part 
reflect repair mechanisms that counteract the cytotoxic activity of these 
proteins, thus preventing non-selective cell destruction. It also seems possible 
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Fig 6 Enhancement by IFN-*/ of CTX cytotoxicity in VSV-infected SV80 cells. The cytotoxic 
effect of CTXs at various concentrations in VSV-infected cells (•) and its further enhancement 
by treating these cells with IFN-/ (10 U/ml) (o) or 100 U/ml (a)) 16 hours prior to infection is 
shown in comparison to the resistance to the CTXs observed in uninfected cells (■) even when 
treated with IFN-y (□). The CTXs used in the experiments described in Figs 5 and 6 were crude 
preparations of CTXs induced by PH A in PBMC, partially punned by adsorption to controlled 
pore glass and fully depleted of IFN-y by the use of a monoclonal antibody (Aderka et al 1985). 
Selective cytotoxicity against VSV infected cells and its augmentation by IFN could similarly be 
observed with use of pure TNF. 

that these CTX effects contribute to repair on the multicellular level, namely 
to the increased cell growth necessary for healing the damage in necrotic 
areas, where at an earlier stage CTX Effects have led to the death of cells. 

3 CTXs as pleiotropic mediators 

Apart from effects on cell growth and viability, TNF and LT have recently 
been found to exert a variety of other effects on cell function. Some of these 
are immunoregulatory effects; primarily effects on functions related to 
immune cytolysis. LT was reported to induce in granulocytes enhanced 
ADCC and phagocytic activities (Shalaby, et aU 1985a) and TNF to increase 
ADCC activity in the U937 hystiocytic lymphoma cells (Shalaby, et a/., 
1985b); it also enhances the production of CTXs by those cells (Table III). 
There is some evidence that TNF can promote the differentiation of cytotoxic 
T lymphocytes (cf. Fiers, et aL 1986). Furthermore, it may enhance 
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cell-killing by cytotoxic T lymphocytes through effects on the target cells: 
TNF increases the synthesis and cell surface expression of Class I MHC 
antigens (Collins, et aL, 1986) and, according to a preliminary report, also of 
Class II antigens (Chang and Lee, 1985). Cells that have been exposed to 
TNF may, therefore, be more effectively recognized by the MHC-restricted 
cytotoxic T lymphocytes. 

Quite a different role for TNF was revealed in the recent identification of 
TNF with the "cachectiiT— a cytokine which suppresses in adipocytes the 
activity of lipoprotein lipase and also induces in these cells a decrease of 
mRNAs for some other proteins involved in the differentiated function of the 
adipocyte (Beutler, et aL, 1985a; Torti, et aL, 1985). Apparently that effect of 
TNF contributes to the defence against disease by assuring the availability of 
lipids for rapid use. However, when induced for prolonged duration the 
"cachectin" effect of TNF may result in an excessive and dangerous weight 
loss (cachexia). 

That TNF can mediate some deleterious effects in diseases is also indicated 
by a recent study showing that injected antibodies to TNF reduce in mice the 
lethal effect of bacterial endotoxins. This indicates that TNF has a causative 
role in bacterially-induced septic shock (Beutler et aL, 1985b). 

Since this review was submitted for publication (15 November) until to 
date (June 1986) many additional effects of TNF on cell functions have been 
revealed. Quite an unexpected finding, derived both from the studies on TNF 
and from studies on interleukin- 1 (IL-1), is that these two cytokines, which 
bare no similarity of structure and apparently function through binding to 
distinct receptors, affect cell function in quite a similar manner. IL-I can 
actually be regarded as a cytotoxin-certain tumour cells are killed by IL-1 as 
effectively as by LT (Onozaki, et aL, 1985), IL-1 also shares the ability of 
TNF to stimulate growth of fibroblasts (Schmidt, et aL, 1982). Some other 
examples of the similarity in function of TNF and IL-1 are: (1) Induction, by 
both, of the synthesis of collagenase and of prostaglandin E 2 , in fibroblasts 
(Dayer, et aL, 1984, 1985); (2) The kt cachectin"-lime activity (suppression of 
lipoprotein lipase in adipocytes/found to be mediated, not only by TNF but 
also by IL-1 (Beutler and Cerami, 1985); (3) Activation of osteoclasts by the 
two (Dewhirst, et aL, 1985; Bertolini, et aL, 1986), and (4) Induction in 
endothelial cells of increased adhesivity to granulocytes and of synthesis of 
a cell surface protein which probably is involved in that adherence (Gamble, 
et aL. 1985; Schleimer and Rutledge, 1986; Pober, et aL, 1986). Particularly 
interesting from the point of view of I FN research is the finding that both 
IL-1 and TNF induce in fibroblasts the synthesis of a specific IFN (IFN-&) 
(Content, et aL. 1985; Kohase, et aL, 1986). According to preliminary 
reports, TNF induces synthesis of an IFN also in PBMC (Wong and 
Goeddel, 1985). 
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B IFN-induced Enhancement of CTX Function 

The cytotoxic and cytostatic effects of CTXs and those of IFNs are exerted 
synergistically. An IFN-induced increase in anticellular activities of CTXs 
could be observed with crude CTX preparations and with purified TNF and 
LT (Williams and Bellanti, 1983; Williamson etaU 1983; Wallache/a/., 1983; 
Stone-Wolff et aL 1984; Lee et aL 1984) as well as with preparations of 
NKCF (Wright and Bonavida, 1983b; Steinhauer et aL, 1985). Furthermore, 
immunoregulatory effects of TNF and LT were also reported to be poten- 
tiated by IFN (Shalaby et al, 1985a, b). 

Yet, even though IFN appears generally to potentiate the function of 
CTXs! it has so far not been found to interfere with selectivity in this 
function by inducing responsiveness to CTXs in cells that in the absence 
of IFN are completely unresponsive to these proteins. An example of a 
situation in which IFN potentiates CTX activity without decreasing its 
selectivity is presented in Figs 5 and 6 in which the cytotoxic effect of 
IFN-free CTX preparations in SV-80 and HeLa cells is quantitatively 
analysed, comparing cells that were infected by VSV to uninfected cells. 
Under normal growth conditions the cells are quite resistant to killing by 
CTXs but they do respond to the cytotoxic effect following infection by the 
virus ifit Fig. 6, curves ■ and •). IFN is found to potentiate killing of the 
infected cells but not to impose vulnerability to this cytotoxic effect on the 
uninfected cells (cf. Fig. 6, curves □ and a). Since, at antiviral concentrations, 
IFN suppressed replication of the virus, an IFN-induced increase in killing 
of the infected cells could only be observed at sub-antiviral concentrations. 
At higher IFN concentrations, suppression of virus replication by IFN 
resulted in resurgence of the resistance to the effect of the CTXs (compare, 
in Fig. 5B, the enhancement of killing of HeLa cells by IFN-y at 0.01 U/ml 
to the protection from killing when the IFN concentration was 10 U/ml). 

C Mechanisms Involved 

Radioactively tagged TNF and LT bind to high-affinity sites on the surface of 
cells; the number of binding sites range from undetectable levels to as much 
as 18 000 per cell, depending on the cell line (Hass et aL 1985; Kull et al % 
1985-Tsujimoto et a/., 1985, 1986; Israel et aL 1986). Using bifunctional 
cross-linking agents, specific cell surface proteins could be observed to which 
TNF bind, forming conjugates with M r of about 75 and 92 Kd (Fig. 7 and 
Kull et a/., 1985). 

These findings provide direct evidence for the long-suspected existence ot 
cell surface receptors for CTXs. A clear distinction can now be made between 
those CTXs that function through binding to specific receptors and other 
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Fig. 7 Characterization of the receptors to human TNF on human U937 (a, b) and KG- 1 (c *e) 
cells by their cross-linking to l25 I-TNF. a, b. e: cross-linking with disuccinimidyl suberate (in 
b-excess nonlabelled TNF was included during incubation with the labelled protein), c, d: 
cross-linking with the bifunctional agent dithiobis succinimidyl propionate which is cleavable 
with /i-mercaptoethanol; analysis in the absence (c) and presence (d) of /?-mercaptoethanol. Cells 
were incubated for 2 hours with i:5 I-TNF (lOOU/ml), which was radio-iodinated by the 
chloramine-T method. They were then washed, treated with the cross-linking agents and 
extracted with a buffer containing 2% Triton X-IOO. The extracts were analysed by SDS/7.5%- 
PAGF followed by autoradiography. The heavy radioactive band at the bottom of lane a is free 
TNF (Israel et at., 1986). 

cytotoxic proteins, also present in crude CTX preparations, that kill cells via 
enzymic activity (e.g. arginase or protease (Currie, 1978; Adams, 1980)). A 
third mode of cell-killing by leukocyte-produced proteins is exemplified in 
the function of the 'perphorins 1 (see Section II (B)) which, like the C 9 
component of the complement, are believed to kill cells by forming channel- 
like structures in cell membranes, apparently with no prior interaction with 
any receptor protein. 

The nature of the mechanisms activated by occupation of the TNF recep- 
tor, and which eventually lead to the functional changes induced by the 
CTXs, remains obscure. Similarly to cell surface receptors for many other 
agonists, the receptors for TNF are taken up into the cell after becoming 
occupied and the CTXs bound to these receptors are then degraded, appar- 
ently in lysosomes (Tsujimoto et ai, 1985). Clearly this uptake process has 
no role in the cytotoxic effect, as cytotoxicity can be effectively induced in the 
presence of sodium azide, which fully blocks the uptake (unpublished 
results). Neither does it appear that the cytotoxic effect is dependent on 
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synthesis of any protein or RNA in the target cell, since it occurs in the 
presence of azide, CHI or actinomycin D; these agents actually potentiate the 
cytotoxic effect of CTXs. The fact that the cytotoxic effect of CTXs is exerted 
in the presence of inhibitors of RNA. protein and ATP synthesis, also implies 
that the CTXs themselves do not possess such a general inhibitory capacity 
and that their cytotoxic function reflects another mode of action. Specific 
RNA and protein species do decrease in response to TNF, apparently owing 
to suppressed synthesis of these molecules (Torti et ai, 1985), but TNF and 
LT have also been found to induce an increase in the synthesis of cellular 
RNA, proteins and lipids (Rosenau 1980; Ostrove and GifTord 1979). 

Thus, as in the function of various other regulatory cytokines, we are faced 
in the function of CTXs with transduction of information from the receptors 
for these proteins to the interior of the cell, in a so far unknown fashion, 
resulting in altered synthesis of specific species of RNA and protein molecules 
and yet those effects are apparently distinct from those participating in the 
cytotoxic effect of the CTXs. Actually, as mentioned above, it has been 
suggested that the enhancement of synthesis of RNA, protein and lipid by 
CTXs has a role in counteracting the cytotoxic effects which the CTXs 
themselves induce (Rosenau. 1980). The fact that metabolic inhibitors such 
as CHI and actinomycin D, which are likely to interfere with CTX-induced 
increases in anabolic activities, sensitize cells to the cytotoxic effect, is consist- 
ent with a protective role for these CTX-induced changes. In further support 
for the idea that CTXs activate mechanisms in cells that counteract their 
cytotoxicity, we have found that, within a short time after application of 
CTXs cells become less responsive to sensitization by CHI (Fig. 8). 

Such induction of resistance to CTX by the CTX itself could be observed 
with purified TNF (Hahn et al., 1985) as well as with partially purified 
preparations of LT, free of TNF, the two kinds of preparations inducing 
mutual resistance as well as resistance to their own effect (unpublished 
observations). Auto-induction of resistance to TNF could not be related to 
depletion of receptors to the protein. A> shown in Fig. 9, within a few hours 
of removal of TNF, which had been applied to the cell at saturating con- 
centrations, free cell-surface receptors for the protein were replenished, yet 
the extent of resistance to TNF cytotoxicity induced by such pretreatment 
remained unchanged. It therefore seems likely that this resistance indeed 
reflects the activation by TNF of mechanisms that counteract its cytotoxic 
effects 

Recently we have noticed that, besides TNF and LT, several other cyto- 
kines including insulin and interleukin-1 (IL-1) can induce in cells resistance 
to the cytotoxicity of the CTXs. Further examination of the protective effect 
of IL- 1 revealed induction, by this cytokine, of a rapid and effective decrease 
in cell surface receptors to TNF. That decrease could not fully account for 
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the protective effect of IL-1 since following the removal of IL-1 TNF recep- 
tors were rapidly replenished yet the cells remained resistant to the cyto- 
toxicity of TNF (Holtmann, Hahn and Wallach, submitted). 

The potentiation of CTX effects by IFN can be related in part to an 
IFN-induced increase in the number of CTX receptors. As shown in 
Table IV, cells of several lines show an increase in binding of i25 I-TNF 
following treatment with IFN-y. Some of these cells also display such an 
increase when treated by IFN-a. An IFN-induced increase in binding of TNF 
has also been recently observed by others (Tsujimoto et aL, 1986; Aggarwal 
et aL, 1985b and Ruggiero et aL, 1986). These studies indicate that this IFN 
effect reflects an increase in amounts of the receptor protein, apparently as 
a consequence of its increased synthesis. It is unlikely, though, that this 
moderate IFN-induced increase in receptor density fully accounts for the 
pronounced potentiation of CTX function by IFN (compare the increase in 
receptor level to cytotoxic effect in Fig. 10). Other IFN-induced changes are 
probably also involved. Perhaps the increased sensitivity of IFN-treated cells 
to the cytotoxic effect of CTXs reflects not only potentiation of the mechan- 
isms mediating this effect but also suppression of cellular mechanisms that 
counteract it. Consistent with this idea, the induction of auto-resistance to 



Table IV IFN-induced increase in receptors for TNF. 



Cells 


IFN 
(1000 U/ml) 




CTX Binding 


(cpm/10 6 cells) 


(relative increase) 


HeLa 




1080 


1 




IFN-a 


1800 


1.67 




IFN-y 


2200 


2.04 


WISH 




1050 


1 




IFN-a 


1000 


0.95 




IFN-y 


1440 


1.37 


L-132 




800 


1 




IFN-a 


1000 


1.25 




IFN-y 


1040 


1.3 


FS11 




440 


1 




IFN-a 


400 


0.91 




IFN-y 


650 


1.48 


U937 




920 


1 




IFN-a 


1300 


1.41 



Specific binding of radiolabeled TNF at a concentration of 2 U/ml (U937 cells) and 10 U/ml 
(other cells) was determined following 12 hours treatment by rIFN-at or rIFN-y at 1000 U/ml. 
(Israel et a/., 1985). 
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Fig. 8 Auto-induction of resistance to the cytotoxic effect of CTXs. The killing of HeLa and 
SV80 cells by a crude preparation of PHA-induced human CTXs (8 U ml), incubated for 12 
hours together with CHI (50/jg ml) (B). compared with the normal morphology of the cells 
observed on incubation with CHI alone (A). The extent of killing is markedly reduced in cells 
which were prctreated for 3 hours with CTXs (80 U ml) in the absence of CHI, rinsed and treated 
again with CTX (8 U ml) this time in the presence of CHI (C) (Wallach. 1984). 




Fig. 9 Lack of correlation between TNF receptor concentration and decrease in vulnerability 
to its cytotoxic effect following pretreatment of LI 32 human celis with TNF. LI 32 human cells 
were incubated for 2 hours with TNF (260 U ml), rinsed and further incubated in TNF-free 
medium. At various times the ability of the cells to bind TNF and to respond to its cytotoxic 
effect was measured; the former by binding of i: - I-labelled TNF (60U/ml) and the latter by 
measuring the cytotoxicity of TNF (7 U ml) in the presence of CHI. Results are presented at per 
cent of TNF bound specificially (960 c. p.m. 10 5 cells) and of the cytotoxic titre of the test sample 
of TNF, observed before pretreatment by TNF (Israel el a/., 1986). 

<u 




Fig. 10 Titration of the effect of IFN -y on the cytotoxic activity of human TNF (solid symbols) 
and on the binding of the protein to its receptors (open symbols) in human HeLa cells. Cells were 
incubated for 12 hours with the indicated concentrations of IFN-y. Their vulnerability to the 
cytotoxic effect of TNF was then determined by titrating; in the presence of CHI, the cytotoxic 
activity of a given preparation of TNF (titre of 530 U ml in cells not treated by IFN). Binding 
of TNF was determined by incubating the cells with saturating levels of i:5 I-TNF (7500 U/ml). 
In ceils not treated bv IFN, specific binding of 1 000c. p.m. 10 s cells was observed (Israel et a/., 
1986). 
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TNF, described above, is found to be greatly reduced in cells treated by IFN 
(unpublished results). 



V ON THE PHYSIOLOGICAL ROLE OF THE CTXs 

There is little information available on the formation and function in vivo of 
CTXs. The physiological role of these proteins can, therefore, only be a 
matter of speculation, on the basis of our present fragmentary knowledge 
of the way these proteins are formed and function in vitro. The following 
implications of that knowledge seem to me particularly worthy of emphasis. 

(1) It seems reasonable to assume that the CTXs function against their 
inducing agents; these are found to be quite heterogeneous. Thus, a bacterial 
product (LPS), a virus (Sendai virus), a T cell mitogenic agent (PHA), and 
tumour cells have all been found to induce TNF. Like the IFNs, CTXs may, 
therefore, play a rather non-specific role in the immune response, contribu- 
ting to the defence against a variety of pathogenic agents. Indeed, one may 
infer a heterogeneity of functions for CTXs from the way they affect cells: a 
role for TNF in the immune response to viral infection may be indicated by 
the increased vulnerability to its cytotoxic effect in cells infected by certain 
viruses. An antibacterial role is perhaps indicated by the augmentation of 
phagocytic activity of granulocytes by TNF and an anti-tumour role by its 
cytotoxic effect against certain tumour cell lines. 

(2) Some of the leukocyte-mediated cytotoxic activities (such as that 
of the cytotoxic T lymphocytes) are found to be exerted solely against 
those target cells to which these leukocytes bind. Involvement of CTXs 
in such "contact-dependent" cytotoxic activities has often been suggested, 
but remains to be confirmed. Even if it turns out that TNF or LT do 
take part, it is unlikely to be their sole function. The fact that those proteins 
can be induced by both cellular and non-cellular inducers (such as LPS) and 
the way the CTXs function, by binding avidly to cell surface receptors, which 
should allow them to affect remote target cells, strongly suggest that TNF 
and LT have a role as mediators which function distantly from their pro- 
ducing cells. 

(3) We might understand the function of CTXs better if we bear in 
mind that these proteins are likely to be produced in areas of inflamma- 
tion; specifically in inflammation reflected in delayed-type hypersensitivity 
(DTH). Indeed, among the T lymphocytes, the ones believed to be most 
involved in DTH (the Lyt 1 * cells) are those found to produce the CTXs 
(Eardley et ai. 1980; Tite et ai, 1985). In the micro-environment formed 
by "walling off' the inflammatory area as a result of lymphatic blockage, 
CTXs may function more effectively. They may reach a high concentration 



118 



DAVID WALLACH 



along with IFNs produced in situ which can potentiate the actions of 
the CTXs. The cytotoxic functions of the CTXs, found to be greatly increased 
at elevated temperatures in vitro (Peter et ai, 1973; Ruff and Gifford, 1981b) 
can be potentiated by the fever in the area of inflammation. Limited 
supply of nutrients and of oxygen to this region may sensitize cells to the 
cytotoxic effect of CTXs, similarly to the sensitization observed in vitro 
when applying metabolic blockers to cells. Accumulation of MP and of 
granulocytes at the site of delayed type hypersensitivity, where CTXs 
are likely to be formed, should allow these cells to respond to the immuno- 
regulatory effects of the CTXs. In addition, response of remote tissues to 
the CTXs leaking into the circulation from the site of inflammation, such 
as the inhibition of lipoprotein-lipase by TNF, may contribute to the defence 
at the level of the whole organism. Unfortunately, most information on the 
role of DTH reactions relates to the pathological implications of this 
inflammatory response (tissue damage caused in viral infection, graft rejec- 
tion, etc.). This information may provide clues to the nature of situations in 
which CTX formation is deleterious, but gives little idea of what positive 
functions the CTXs can fulfil. 

(4) Although the function of CTXs is not antigen-specific, there does 
appear to be some selectivity in their effects. That selectivity is dictated firstly 

."by dependence of the function of CTXs (at least the function of TNF and LT) 
on celt surface receptors to those proteins. While the amounts of these 
receptors are known to vary, there is no information yet on the physiological 
parameters that control the variation, other than the fact that some increase 
in the receptor level can be induced by I FN. (As mentioned above (see page 
1 1 3) we have recently noted that TNF receptors are subjected also to effective 
modulation by interleukin-1 . Unlike the IFN-induced increase in TNF recep- 
tors which appears to reflect increased synthesis of the receptor protein, the 
IL-1 induced decrease in receptors for TNF is independent of protein syn- 
thesis, and probably reflects uptake or inactivation of the receptors (Holt- 
mann and Wallach, submitted).) Further selectivity may be imposed on the 
function of CTXs by the dependence of their cytotoxic effect on a prior 
sensitization of the affected cell. Although the biochemical nature of the 
sensitization mechanism is not known, it appears, by the nature of those 
agents known to sensitize cells (metabolic blockers, viruses and x-radiation), 
that it is due to interference with some vital functions of the cell. CTXs can 
thus be viewed as agents with the capacity for distinguishing between "healthy" 
cells, which can resist their cytotoxicity and thus be spared from killing, and 
k *sick" cells, which fail to resist CTX cytotoxicity and are therefore specifi- 
cally eliminated. 

(5) At present, there is no solid evidence for a specific anti-tumour role of 
CTXs, linking vulnerability of the tumour cell to CTXs with a specific 
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characteristic of malignancy— for example, the growth of the cells indepen- 
dently of supply of growth-factors or the activation of specific oncogenes. Yet 
the mere fact that some kinds of tumour cells respond to the cytotoxic or 
cytostatic effects of CTXs, even though they have failed to respond to 
mechanisms that normally restrain cell growth, is potentially applicable in 
tumour therapy (see Rundell and Evans, 1981; Ruff and Gifford, 1981a; Lee 
et ai. 1984). Perhaps it will be possible to direct CTX activity selectively 
against tumour cells, taking advantage of the fact that DNA-intercalating 
drugs and ionizing radiation, which preferentially affect rapidly-growing 
tumour cells, sensitize cells to the cytotoxic effect of CTXs. From the point 
of view of I FN research, the most intriguing question is whether effects of 
CTXs on tumour cells and their synergism with I FN can contribute to 
increasing the effectiveness of I FN in tumour therapy: do CTXs produced in 
situ, formed in increased amounts owing to the enhancement of CTX for- 
mation by IFN. contribute to some of the anti-tumour effects that IFNs have 
already been found to exert, and can CTXs, injected into patients together 
with IFN, further potentiate these anti-tumour effects? 



VI CONCLUDING REMARKS 

While there is some recent information on the structure of CTXs, our 
knowledge of their function, the mechanisms involved, and their physiologi- 
cal role is still quite limited. Basically what has been learned in the short time 
that purified CTXs have been available is that the way in which CTXs 
function is more complex than was believed hitherto. The cytotoxic activity 
of the CTXs had been thought to be non-specific, leading to killing of 
"innocent bystander cells". A more thorough examination now shows that 
this activity can be subjected to effective modulation, depending on the 
nature of the target cell and its metabolic state. Furthermore, when they do 
not exert cytotoxic effects. CTXs mediate other regulatory functions. 

Which of the various effects of CTX function observed in vitro leads to 
physiologically meaningful consequences is not known. Nor can we tell yet 
whether the practical benefits of these proteins, such as the killing of tumour 
cells synergistically with IFN, will be found sufficiently effective to be appli- 
cable m therapy. Perhaps it will be the adverse effects, such as mediation of 
cachexia or of shock symptoms in disease, that will turn out to be the more 
prominent, necessitating a search for means of suppressing CTX activity. We 
know that TNF and LT do not act simply by exerting an enzymatic activity 
but rather by binding to specific receptors, thus activating cellular mechan- 
isms that affect gene regulation and can also mediate cell death. The nature 
of those mechanisms is yet to be elucidated. Knowledge of the mechanisms 
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initiating synthesis of CTXs within the CTX-producing cells is also quite 
limited. 

Our present incomplete state of knowledge of the CTXs provides intri- 
guing hints toward a deeper understanding in the future. The lack of resem- 
blance between the TNFs (TNF and LT) and other known proteins; the way 
these proteins kill cells; the presence of receptors to TNF and LT on many 
differing cells; the ability of TNF and LT to initiate cellular responses other 
than cell death; and the multiplicity of agents that induce production of these 
proteins, all indicate that further studies on these proteins, as well as of the 
way their formation and function are regulated by I FN, may disclose novel 
information on mechanisms controlling the life and death of cells and on 
ways whereby the immune response can regulate these mechanisms. 
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abstract: The biosynthesis and processing of cachetin/tumor necrosis factor (TNF) were examined in 
the murine macrophage-like cell Jine RAW 264.7. Lipopolysaccharide-stimulated cells secreted both 
glycosylated and nonglycosylated 1 7-kiIodalton (kDa) mature cachectin/TNF into the culture medium. 
Secreted cachectin/TNF was derived from membrane-associated precursors that were precipitated by 
polyclonal antiscra raised against either the mature protein or synthetic peptide fragments of the 79 amino 
acid cachectin/TNF prohormone sequence. About half of the precursors were N-glycosylated, apparently 
cotranslationally. The cachectin/TNF precursors were then proteolytically cleaved to release soluble mature 
cytokine into the medium, while the membrane-bound 14-kDa proscquence remained cell associated. During 
the period of LPS stimulation, the amount of macrophage cell surface cachectin/TNF remained at a low 
level, suggesting that both nonglycosylated and glycosylated precursors of cachectin/TNF are efficiently 
cleaved by these cells. These findings suggest the presence of a unique mechanism for the secretion of 
cachectin/TNF. 



• . JLicrobial and parasitic infections and neoplastic diseases 
in mammals alter the physiological and metabolic state of the 
host and can advance to cf chexia and septic shock (Beisel, 
1975). Recently, macrophage-derived polypeptide cytokines 
(monokines). espttW'v cachectin/tumor necrosis factor 
(TNF) 1 and interleukin I (IL-1), have been implicated as 
mediators of tuch metabolic changes in infected hosts [re- 
viewed by Beutler and Cerami (1987) and Dinarello (1984>). 
When stimulated by bacterial endotoxin, macrophages secrete 
large amounts of these cytokines. Cachectin/TNF has been 
found to mediate catabolic responses in septic animaU and to 
be responsible for endotoxin-induced injury and death (Tracey 
et al., 1986). Cachectin/TNF has other known in vivo and 
in vitro effects on tumor cells (Carswell et al, 1975) and 
participate* in host Inflammatory responses to viral, bacterial, 
and parasitic stimuli (Beutler A Cerami, 1987). 

Cloning of cDNA for full-length cachectin/TNF mRNA 
and comparison of its coding sequence with that of the mature, 
secreted, 17 kDa hcrmcrre had revealed that «chc*in/TNF 
is synthesized as a prohormone, whose prosequence is so long 
that it has not been regarded as a typical "signal" sequence: 
76 and 79 amino acid residues for human (Pennica et al., 1984; 
Shirai et al., 1985) and murine (Fransen et al., 1985; Pennica 
et al* 1985; Caput et ah, 1986) cachectin/TNPs, respectively. 
The propeptide sequence is highly conserved (86% homolo- 
gous) between human and mouse proteins, which raised the 
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possibility that it serves a distinct biological function (Beutler 
& Cerami. 1987). The prosequence has a centrally located 
hydrophobic region and in this respect resembles other se- 
cretory signal sequences (Blobel et al. .1979). However, recent 
r^fvyK inrtimt* itmitit*t f«tiir»* in nrwttr* relational processing 
of'cachcctin/TNF as a secretory protein (Muller et al, 1986; 
Decker et al.. 1987; Kriegler et al.. 1988). In human mono- 
cytes and cells transfected with a cachectin/TNF prohormone 
cDNA construct, the intact cachectin/TNF prohormone re- 
mains associated with the membrane fraction. It was postu- 
lated that this long form it clipped to release mature 17-kDa 
cachectin/TNF into the medium (Muller et al.. 1986; Kriegler 
et al.. 1988). 

In the present study we investigated the processing of ca- 
chectin/INF in an endotoxin-stimulated murine macro- 
phage-like cell line. Cachectin/TNF was produced initially 
as a membrane-bound, cell-associated. 26- kDa precursor that 
was then cleaved to yield soluble, mature, 17-kDa protein, 
while nrnwwuence peptide remained membrane bound. 

Experimental Procedures 

Cell Culture and in Vitro Cytotoxicity Assay. RAW 264 J 
murine macrophage and L-929 mouse fibroblast lines were 
obtained from American Type Culture Collection (RockviOe, 
MD). RAW 264.7 cells were rown in RPMI 1640 medium 
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(Gibco, Grand Island, NY) supplemented with 20 mM yV- 
(2-hydroxycthyl)piperaHnc-^'-2-cthane3uifonic acid (HEPES, 
Research Organic*. Cleveland, OH). 50 Mg/mL gentamycin 
(Gibco), and 10% heit-inactivatcd (56 "C. 30 min) fetal bovine 
serum (FBS, Hyclonc, Logan, UT) (RPMI/F10). 

For (he in vifo cytotoxicity assay, L-92° eel's were grewn 
in Dulbccoo'a modified Eagle's n.cdium (DMFM, Gibco) 
lupplemented with 50 «?/ml p*»ntnmyrm nnd |fK* c.\\f •cram 
(Hyclone) (DMEM/CI0). The assay was performed as de- 
scribed prcvf^ly (Ostrovc A Gifford. 1979) with slipht 
modifioiiioM. L-929 cells at a density of .10000 cells per well 
in 96-well plates were incubated at 37 »C for 24 h before the 
addition of cachcctin/TNF and I ug of actinomycin D/mL. 
After 16 h, viable cells were stained with a chromogen, 3- 
(4 f 5-dimcthylthiazo|.2-yl)-2,5-diphcnyltetra7olium bromide 
(Sigma Chemical Co., St. Louis, MO) and optical densities 
at 570/690 nm were measured by using an automated en- 
zyme-linked immunosorbent assav (ELISA) plate reader 
(Bio-Tek Instruments Burlington VT) (Mrxmsnn |0Ri- 
Wolpcetal., 1988). 

Antisera. Polyclonal antisera to murine cachectin/TNF 
were prepared by immunizing rabbits with purified 17-kDa 
cachectin/TNF (B. Sherry, D.-M. Jue, A. Zcntella. and A. 
Ccrami, unpublished result). Rabbit antibodies to portions 
of the proscquence of cachectin/TNF were raised against three 
V nthetk peptide* that correspond to different portions of the 
murine proscquencc (residues 1-11, 47-67, and 68*77 in 
procachectin/TNF). Each peptide was conjugated to bovine 
thyrogtobulin (Sigma) Hy using glutarakfchyde (Sigma) (molar 
ratio of peptide to carrier protein, 10:1 ) and 250 jig of pep- 
tidc-thyroglobulin conjugate was injected into rabbits for 
immunization (B. Sherry, D.-M. Jue, A. Zentella, and A. 
Cerami, unpublished result). All antisera against prosequence 
peptides gave qualitatively similar results in immunoprecipi- 
tations and a mixture of equal volumes of these antiprose- 
quence antisera was used for immunoprccipitations. 

Cell Stimulation and hfeiaholic Labeling. RAW 264.7 ceil* 
grown to confluence in six-well plates (Linbro, Flow Labo- 
ratories, McLean, VA) were treated with I *tg of lipopoly- 
saccharide (LPS. LPS W, £. <x>//0127:B8, Difco Laboratories, 
Inc., Detroit, MI) per milliliter in RPMI/FI0. After incu- 
bation for 2 h at 37 # C the cells were washed twice with warm 
methionine-free DMEM supplemented with 2 mM L-glut- 
amine (Gibco) (labeling medium) and incubated for 30 min 
in the same medium containing the stimulants. The medium 
was then replaced with 0.5 mL of labeling medium containing 
50mCI ("Simethicone (New England Nuclear. Boston, MA) 
and the cells were incubated for another 30 min. In some 
samples tunicamycin (Sigma) was added to the cells at a 
concentration of lO^g/mL in both stimulation and labeling 
media. Tunicamycin was dissolved in RPMI/FI0 adjusted 
to pH 9.0. After the supernatant was harvested, the cells were 
washed with ice-cold Dulbecco's phosphate-buffered saline 
(D-PBS) three times and then lysed in 0.5 mL of 50 mM 
Tris-HCt (pH 7.4), 0.5% Nonidet P-40 (NP40), 0.15 M NaCI, 
0.02% sodium azide, 5 mM ethylenediaminetetraacetic acid 
(EDTA),0.l mM phenylmethanesuifonyl fluoride (PMSF), 
soybean trypsin inhibitor (20 og/mL) (SiarnaV 5 «M Ui.r^m 
(Sigma), and 5 *M antipain (Sigma) (lysis buffer). After 10 
min, cell lysate was removed, vortexed, and clarified by cen- 
trifugation. Reserved culture medium was centrifuge * n <f 
50 mL of 10-fold-conccntrated lysis buffer was added. For 
pulse-chase experiments, cells were labeled for various times 
and the medium was changed with complete DMEM. At 
various times after the medium chant*, <*U« *H culture 



medium were harvested and treated as described above. The 
culture media of the remaining samples were also changed with 
fresh ones in order to -neasure the secretion of cachectin/TNF 
during certain periods of time. 

Immunoprecipitation and Gel Electrophoresis, Cell lysates 
and culture supcrnaUnts were incubated with 10 ^L of 50% 
protein A Scplmrofic (Pharmacia. Piftcataway, NJ) nuspcnsion 
at 22 *C for 1 h. The Scpharose beads were removed by 
ccntrifugation and 40 uL of rabbit antisera against mature 
cflrhwfin/TNf* or prosequence fragment conjugates was 
added. After incubation for 16 h at 4 °C, 80 u\. of 50% 
protein A Scpharose bead suspension was added and the 
mixture was incubated for another 2 h at 4 °C. All incubations 
were performed with gentle agitation. The Scpharose beads 
were washed twice each with lysis buffer, D-PBS containing 
0.05% sodium a*idc, and then with 0.1% sodium dodecyl 
sulfate (SDS). The washed beads were combined with 50 uL 
of 2X sample buffer (final concentration, 62.5 mM Tris-HCI, 
?H 6.9, 2% SDS, 10^ glycerol, 5% 2-mcrcaptoethanol) and 
heated at 90 °C for 5 min. The samples were analyzed in 
denaturing 1 2.5- 1 8% gradient polyacrylamide gels as described 
previously (Lacmmli, 1970). Gels were fixed with 35% 
methanol/ 10% acetic acid, treated with Autofluor (National 
Diagnostics, Manville, NJ), dried, and used to expose Kodak 
XAR-5 film at -70 °C. 

Digestion with Glycoside Enzymes. ("SJMethioninc-la- 
beled cells were immunopreci pita ted and the beads were 
washed as described above. Fifty microliters of 0.2 M sodium 
phosphate buffer (pH 6.0), 0.2% SDS, and 2% 2-mercapto- 
ethanol were added and the samples were heated for 5 min 
at 95 # C. After the addition of 10 jiL of 10% NP40 and 10 
mM PMSF, the samples were incubated at 37 °C for 12 h 
with 250 milliunits of endoglycosidase F (endo-0-/V-acetyl- 
glucosaminidase F, Bochringer Mannheim Biochemica, In- 
dianapolis, IN), 100 milliunits of neuraminidase (Sigma, type 
II). and/or 3 milliunits of 0-glycanasc (endo-a-;V-acctyl- 
g a !?c«<*smin!d2«e ( Bochringer Mannheim Biochemica). 
Digestions were stopped by the addition of 100 mL of 2X 
electrophoresis sample buffer before analysis by gel electro- 
phoresis. 

Fractionation of RAW 264.7 Cells into Cytosol and Mem- 
brane/ Particulate Fractions. LPS-stimulated RAW 264.7 
cells were labeled with [ 35 S)mrthionine as described above. 
The cells were washed three times with ice-cold D-PBS, 
ha;vested with a eel scraper (Gibco), and collected by ccn- 
trifugation. Hypotonic swelling and homogenization of the 
cells were performed as described by Matsushima et al. (1986) 
except that soybea.i trypsin inhibitor (20 Mg/mL). 5 pfA 
leupeptin, and 5 jiM antipain were added to the hypotonic 
buffer. The nuclei and undisrupted cells were removed by 
ccntrifugation at 2Q0g for 10 min and the supernatant was 
centrifuged again at 100000? for 60 min at 4 »C. After 
ccntrifugation the supernatant was used as the cytosol fraction 
and the pellet as the membra ne/particulate fraction. Each 
was combined with lysis buffer and analyzed by immuno- 
precipiiation and gel electrophoresis. 

Determination of Cell Surface Cachectin/TNF. RAW 
264.7 cells acre grown to cvnfiucmx in six-weii plates and 
stimulated with LPS. At I, 2, 4, 8, and 16 h after LPS 
addition, culture media were harvested and the cells were 
washed with warm D PBS three times The cells were fixed 
by addition of I mL of 1% paraformaldehyde (Sigma) In 
D-PBS The plate was incubated for 30 min at 4 # C with 
gentle shaking Fixed celis were washed three times with 
D PBS and 2 mL of ttcsh RPMI/FI0 was added. After 
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figure I : Immuiwpredpitation analysis of cachectin/TNF produced 
by RAW 264.7 cdU. Oils were incubated in the presence (lanes 2-4, 
6-8. and I'M 2) or absence (lanea 1, 5, and 9) of LPS for 2.5 h and 
then lateled with | )J S)methionine for 30 min. Culture media (lane* 
1-4) an* cell lysates (lane* 5-12) were immunoprecipitated with 
anti-matu.-! cachectin/TNF antisera (iin« 1, 3-5, 7. and 8), tnti- 
propeptide fragment antisera (lanea 9 , 1 I, and 12), or normal rabbit 
len (NRS) (lanei 2, 6. and 10) and analyzed by electrophoresis. 
Lanes 4, 8, and 12 are from cells treated with tunicamycin during 
incubation with LPS and labeling. The poaitions of molecular weight 
markers are shown on the left, and cachectin/TNF immunoreactive 
bands are identified by their apparent molecilar weights at right. 

incubation at 37 # C for 24 h, the cells were scraped off the 
plate, washed again with fresh media, and resuspended in 0.5 
mL of RPM1/FI0. Serial dilutions of these cell* were added 
to monolayers of L-929 cells to measure cytotoxic activity. 

Results 

Glycosylate* of Cachectin/TNF \ RAW 264.7 cells were 
stimulated for 2.5 h in LPS-containing medium and mcta- 
bolically labeled with 1 35 S) methionine for another 30 min. 
When the medium was analyzed by immunopredpitation with 
anticachectin/TNF antiserum and electrophoresis, mature 
17-kDa cachectin/TNF and related cachectin/TNF "Udder* 
proteins were observed (Figure 1, lane 3). As previously 
observed in this laboratory (B. Sherry, D.-M. Jue, A. Zentella, 
and A. Ceraml, unpublished remits), the synthesis of -ladder" 
proteins was blocked when the cells were cultured In the 
presence of tunicamycin, an inhibitor of asparagine (N)- 
glycoaylation (Takatsuki & Tamura, 1971). Tunicamycin 
treatment did not significantly affect the total amount of 
secreted cachectin/TNF. When the mixture of secreted ca- 
chectin/TNF was treated with tf-glycanase to remove N- 
linked carbohydrate groups (Elder & Alexander, 1982), most 
of the cachectin/TNF "ladder" proteins disappeared and the 
intensity of the 17-kDa band increased (Figure 2, lane 6). 
However, one of the "ladder* proteins with apparent molecular 
weight of 11.5 kDa was found to be resistant tc both treat- 
menu (Figures I and 2), indicating that h has a structure other 
than that from N-glycosylation of the mature protein. Incu- 
bation with neuraminidase and O-gtycanase also did not alter 
the 18.5-kDa protein and the nature of it* structure is still 
unknown (Figure 2, lane 7). Since these studies were com- 
pleted, Cseh and Beutler have reported an 18.5-kDa secreted 
species of cachectin/TNF that carries a 10 amino acid N- 
terminal extetiSton corresponding exactly to the propeptide 
sequence, apparently the result of alternate prohormone pro- 
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figure 2: Enzymatic deglycosylation of higher molecular weight 
precursor and mature cachectin/TNF*, (^)Methionine-uibeled ceH 
lysates (lanes 1-4) and culture media (lanes 5-7) from LPS-stimulated 
RAW 264.7 cell* were immunoprecipitated with antiprocachectin/ 
TNF and anti-mature cachectin/TNK antisera. respectively. Inv 
munoprecipiutes were treated with digestion buffer alone (lanes 1 
and 5). neuraminidase (lane 2), /V-glycana*e (lanes 3 »nd 6). or 
neuraminidase, 0-% lycanase. and >-glycana*e (lanes 4 and 7) and 
were analyzed by SDS-PAGE and ftuorography. The potions of 
molecular weight marker* are thown on the left, and cachectin/TNF 
immunoi eactive band* arc identified by their apparent molecular 
weight* on the right. 

ccssing (Cseh A Beutler, 1989). 

In lysates of cndotoxin-stimulated RAW 264.7 cells, a 26- 
kDa protein was immunoprecipitated either by antibodies 
against prosequence or antibodies against the 17-kDa mature 
form of cachectin/TNF (Figure 1). Considering its apparent 
molecular weight, its reactivity with both antibodies, and it* 
resistance to tunicamycin treatment, we propose that the 26- 
kDa protein represents the no«f lyvxylMf-d 215 amino add 
proliormcnc precursor of mature 156 amino acid 17-kDa ca- 
chectin/TNF. We abo detected two bands of higher rrwlecukr 
mass, 29 and 32 kDa, which were also precipitated by either 
antiprosequence or anti-mature cachectin/TNF antibodies 
(Figure 1, lane* 7 and 11). Synthesis of 29- and 32-kDi 
species was inhibited by treatment of cells with tunicamycin, 
and the two b*-nds were no longer detectable in samples di- 
gested with /V-glyc*na%c (Figure 2. lanes 3 and 4). The results 
suggested that they were N-glyco*ylated forms of the 26-kDa 
prohormone. In a sample treated with neuraminidase, the 
32-kDa band disappeared and another protein of slightly 
higher mobility on sodium dodecyl sulfate-polyacrylamidc gel 
electrophoresis (SDS-PAGE) was observed (Figure 2, lane 
2). Treatment of the immurKrprecipttatc with 0-giycana*e 
(alone or along with other glycosidases) had no effect on the 
mobilities of cached in /TNF-rela ted proteins on gel electro- 
phoresis (Figure 2 and data not shown). Densitometry 
measurement of intensities of the bands shown in Figure 1 
indicated that, as with secreted cachectin/TNF, about half 
of the precursors were glycosylated (data not shown). The 
29-kDa glycosylated precursor was present in the lysate f 
RAW 264.7 cells that were labeled for 2.5 min (Figure 3a), 
suggesting that glycosylation occurs cotranslati<>nally. 

Proteolytic Cleavage of Precursor Ca'hectlnf TNF. As 
shown in Figure I (lanes 1 1 and 12), a broad band of protein 
centered at about 14 kDa was precipitated from RAW 264.7 
cell lysates by anttproaequence fragment antibodies. This band 




(a) (b) (c) 

figure 3: Pulse-chase analysis of the processing of the cachectin/TNF precursor. (*) RAW 264.7 cells were labeled with ( ,s SJmethionine 
for 2.5 (lane I) or 5 min (lane 2), washed with D-PBS and then lysed. The I yules were immunoprecipiuted with antiprocachectin/TNF 
antiaera. (b) Cells were pulse- labeled for 10 min and subsequently chased with a medium containing cold methionine. The cell lysates were 
prepared at the indicated times after the labeling and immunoprecipitatcd with antiprocachectin/TNF antisera. (c) Culture media of the 
celts in (b) were collected at the indicated times and immunoprecipitated with antvmature cachectin/TNF antisera. Medium from each culture 
was replaced with fresh medium at the indicated times. Note, then, that time points during the chase of pulse-labeled cell lysates show the 
differential accumulation of radioiabel in distinct electrophoretic pooh of c»chectin/TNF from t ■ 0 until the indicated time point (i.e., 0-1 5 
min, 0-30 min, 0-45 min, etc.), whereas time points during the chase of pulse-labeled culture media show the differential proportioning of 
radioiabel »nto distinct electrophoretic pools of secreted cachectin/TNF from one time point to the next (i.e., 0-15 min, 15-30 min, 30-45 
min. etc.). All samples were analyzed by SDS-PAGE; the positions of molecular weight markers are indicated on the right, and cachectin/TNF 
immunorcactive bands are identified by their apparent molecular weights on the left. 



wis precipitated only from lysates of LPS-stimulated cells and 
did not react with antibodies to mature cachectin/TNF. These 
results suggest that the 14-kDa band may represent the 
pfutcqucftcc peptide cleaved from its cachectin/TNF pro- 
hormone precursor. Treatment of celts with tunicamycin or 
incubation of immunoprecipiutes with /V-glycanase, neur- 
aminidase, and O-aJycanase did not alter the intensity or 
mobility of the 14-kDa band in SDS-PAGE (Figures I and 
2). Relative to the large amounts of mature 17-kDa ca- 
chectin/TNF released into the culture medium, only small 
amounts of mature 17-kDa cachectin/TNF couW be detected 
in the cell lysatc (Figure I, lanes 7 and 8). 

To test whether the 17- and 14-kDa bands might be derived 
from a common 26-kDa precursor, L PS-treated cells were 
briefly pulsed with ("S] methionine and then chased for various 
times with cold methionine. Culture media and cell lysates 
were harvested at intervals up to 150 min and were analyzed 
by immunorxecipitatton with antibodies to mature 156 amino 
acid cachectin/TNF or to synthetic prosequence fragments 
(Figure 3). Twenty-six- and twenty-nine-kilodalton proteins 
were precipitated by antipropeptide antibodies at 10 min of 
pulse. Another protein of even higher molecvlar mass (32 
kDa) appeared after 15 min of chase and the relative pro- 
portions of cachectin/TNF- 1 ike proteins above 26 kDa seemed 
t change gradually over time: at 60 min a 30-kDa species 
became a predominant protein among the 29-32-kDa proteins. 
As described above, these proteins are likely to represent 
N -glycosylated prohormone species of cachectin/TNF un- 
dergoing further processing in their carbohydrate groups. 
These proteins and the "nonglycosylated" 26-kDa precursor 
decreased gradually with longer chase times and had virtually 
disappeared after 90 min. A 14-kDa band could be detected 



in the cell lysate at 10 min of pulse, increased to maximal level 
at 45 and 60 min of chase, and maintained a similar level for 
up to 2.5 h (Figure 3b). In similar experiments with a longer 
chase period, the 14-kDa protein disappeared completely after 
3 h (data not shown). 

Figure 3c shows the variety of murine cachectin/TNF 
species secreted into the culture medium at various times after 
a 10-min [ 53 SJ methionine pulse. Culture medium of each dish 
was harvested and replaced with fresh medium at each time 
point to determine the amount of cachectin/TNF produced 
between indicated time points. When the samples were pre- 
cipitated by anticachectin/TNF antibodies, mature cachec- 
tin/TNF (17 kDa) and g*ycoaylated "ladder* proteins were 
detected at the first time point (0-1 5 min). Maximal secretion 
occurred from 15 to 60 min and amounts of secreted ca- 
chectin/TNF decreased thereafter. After 90 min no more 
labeled cachectin/TNF was secreted into the medium, which 
temporally coincided with the depletion of pulse-labeled cel- 
lular cachectin/TNF precursors (Figure 3b). At 15 min of 
chase, the nonglycosylated 17-kDa protein was the predomi- 
nant species among secreted cachectin/TNFs. During later 
stages of the chase, glycosylated forms became more prevalent 
in cells and medium. The formation of the 14-kDa protein 
in the cell lysate was also temporally coincident with formation 
of mature cachectin/TNFs and the results suggest that these 
proteins are derived from th* 2b ".Da and higher m lecular 
mass glycosylated precursor.. 

Association of Precursors and the 14-kDa Prosequenct f 
Cachectin ) TSF with the Membrane j Particulate Fraction. T 
localize various cached in/TNF-re la ted proteins in the cell, 
['^jmcthiontne-labeled RAW 2M.7 cells were homogeni z ed 
in hypotonic buffer and the cytosoi and membrane fractions 



Processing of Cachectin/TNF 

(a) Antl- 

Anti-TNF proTNF 

r C M/P C M/P 




noim«4: I mmunoprecipitat ion analyt's of cellular fractions. RAW 
264.7 cells were stimulattd with LPS and labeled with [ ,J S|mcth»onine 
for 30 min. The cell* were homogenized in hypotonic buffer and 
centrifuged to provide :ytoaol (lane* 1 and 3) and membrane/par- 
ticulate (hnes 2 and 4) fiactk**. Samples were immurK>precipiuted 
with anti-mature cachectin/TNF (Janet I and 2) or antiprocachec- 
tin/TNF (lanes 3 and 4) antisera and analyzed on SDS-PAGE. 

were separated by centrifugation. Each fraction was analyzed 
by immunoprecipitation with antisera either against mature 
cachectin/TNF or against synthetic fragments of propeptide 
sequence. As shown in Figure 4, the majority of the 26-kDa 
precursor, N -glycosylated precursors, and 14-kDa cleaved 
propeptide were associated with the membrane/particulate 
fraction, while relatively small amounts of 17-kDa mature 
cachectin/TNF were present in both fractions. 

To investigate the time course of appearance of cachec- 
tin/TNF as membrane-bound precursors and in soluble, ma- 
ture forms, we measured cytotoxic activities of macrophage 
cells fixed with paraformaldehyde and of their corresponding 
culture supernatanti. RAW 264.7 cells were incubated in 
medium containing LPS for up to 16 h and the cells and their 
culture media were harvested at various times. Paraform- 
aldehyde- fixed cells or harvested media were then added to 
L-929 cells to measure cytotoxicity. Cell-associated cachec- 
tin/TNF activity could be detected 1 h after LPS addition 
(Figure 5). The levels of activity varied at different times 
but remained relatively constant: 240, 85, 650, 240, and 860 
units per 8 X 10* macrophage cells at 1,2, 4, 8, and 16 h, 
respectively. The secreted cachectin/TNF increased contin- 
u usly to 21200 units per 8 X 10* cells at 16 h. The pro- 
portions of cytotoxicity associated with cells were 18%, 7%, 
17%, 2%, and 4% of total cachectin/TNF activity detectable 
in fixed cells and culture medium at I, 2, 4, 8, and 16 h of 
incubation, respectively. When culture medium containing 
cachectin/TNF was treated with paraformaldehyde and then 
dialyzed against D-PBS, no alteration in its cytotoxic activity 
was observed (data not shown). Release of cachectin/TNF 
from the fixed cells during the cytotoxicity assay period was 
negligible. 

Discussion 

When RAW 264.7 macrophages are stimulated with LPS, 
they secrete a large amount of cachectin/TNF into the me- 
dium. The results shown in Figures 1 and 3 suggest that in 
these cells cachectin/TNF was first synthesized as a 2*-kDa 
precursor. A simitar 26-kDa protein was obtained by cell-free 
translation of hun»an cachectin/TNF cDNA (Muller et al., 
1986) and observed in stimulated human monocytes and NIH 
3T3 cells transected vith human cachectin/TNF cDNA 
onrntnict (Krister et al , 1988). About half of the precursor 
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figure 5: Production of cell -associated and supernatant cachec- 
tin/TNFs by stimulated RAW 264.7 cells. Cells at a density of (8 
x lOVwell were incubated with LPS (1 $*%fmL) for Indicated time*. 
After harvesting the culture media, cells were washed with D-PBS 
and fixed with para formaldehyde. The cytotoxic actMtiea of culture 
supernatant and fix^d cells were measured with L-929 cells as target 
cells in the presence of aciimmiycin D. 

proteins were N-glycosvlated upon synthesis and migrated to 
the 29-kDa position on SDS-PAGE (Figure 3). Some of the 
N-glycosylated oligosaccharide of precursor cachectin/TNF 
underwent further modification before secretion. In the 
pulse-labeled cells, a 32-kDa protein appeared at 15 min of 
chase anH the predominant glycosylated precursor at a later 
stage of processing had a molecvlar weight of about 30000. 
Results from a separate experiment showed that among the 
secreted •ladder"' proteins only the 20-kDa protein, which has 
a molecular size corresponding to the cleavage product of the 
29-kDa precursor protein, had significant affinity for conca- 
navalin A (unpublished observation). This suggests that, like 
other secretory proteins, the 29-kDa cachectin/TNF precursor 
has a high mannose N-linked oligosaccharide, which is then 
modified to a complex type in the 32-kDa protein, containing 
galactose, sialic acid, and fucose (Kornfeld A Kornfeld, 1985). 
In fact, neuraminidase treatment reduced the apparent mo- 
lecular weight of the 32-kDa protein (Figure 2). Such mod- 
ifications have been reported to occur in rough endoplasmic 
reticulum and the Colgi complex (Kornfeld A Kornfeld, 
1985). 

There were at least seven or eight proteins in the "ladder* 
when the conditioned media of RAW 264.7 cells were analyzed 
by immunopredpitation and one-dimensional gel electropho- 
resis, including one that migrates to the position of the primary 
glycosylation product (20 kDa) (Figure 1). Nonglycosylatcd 
cachectin/TNF was secreted along with the glycosylated forms 
and tunicamycin treatment did not affect the total amount of 
secreted cachectin/TNF (Figu re I; B. Sherry, D.-M. Juc, A. 
Zentella, and A. Cerami, unpublished results). Therefore it 
seems unlikely that glycosylation of cachectin/TNF greatly 
affects the secretion of this protein from activated macro- 
phages. Similar findings have been reported in the secretion 
of serum proteins from tunicamycin treated hepatocytes 
(Struck et al., 1978) and viral protein from cells infected with 
vesicular stomatitis virus (Gibson et al., 1979). However, it 
was also noted that in pulse-labeled cells the majority of se- 
creted cachectin/TNF was nonglycosylatcd very early In the 
chase, while glycosylated cachectin/TNFs were released at 
later times (Figure 3c). TJiis could mean that iwrnjlycoiyl ited 
cachectin/TNF rs deavtxUnd released faster than glycosylated 
forms. Since the ratio *f glycosylated to nonglycosylated 
cachectin/TNFs does not seem to vary greatly between newly 
synthesized precursor and secreted mature cachectin/TNF, 
posttranslattonal conversion of nonglycosylated prohormone 
into the glycosylated form seems to occur minimally, if at all. 

A 14-kDa protein was found only in immunoprectptUtiom 
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of cell lysatea of stimulated macrophages with iant*t ^dies to 
cachectin/TNF prosequcnce *nd not In immunopredpit* tiora 
with anti-mature ctchectin/TNF inttbodici (Figure 1) We 
postulate that this 14-kDa protein is the prt*equence of ca- 
chectin/TNF remaining after cleavage of the mature 156 
amino add protein from the 235 amino add precursor. The 
results from puhe-chate eiperiments further supported thit 
suggestion (Figure 3). The molecular weight of e*- 
checvin/TNF propeptides is 8660, when calculated from iu 
amino acid s«f«t. ~± Although It is not clear why the cal- 
culated (8U0) fd apparent molecular weights (14000) of 
presentence difTer to such a degree, the diffuseneas of the 
14-kDa band in gel electrophoresis suggests the possibility of 
differential posttranslational modification. However, treatment 
with various glycosidases did not change the pattern or mobility 
of the diffuse 14-kDa band (Figure 2). The possibility of 
posttranslational modification other than glycosylate, e.g., 
acylatkm with palmitatc or myristate (Wold, 1986), should 
be considered. 

ft has been suggested that the cell surface cachectin/TNF 
precursor plays a role in cell-cell communication and in 
confining the action of cachectin/TNF to local tissues that 
are in close contact with activated macrophages (Decker et 
al., 1987; Kricgler et a!.. 1988). When we measured cell 
surface cachectin/TNF by adding para formaldehyde- fixed 
RAW 264.7 cells to L-929 cells, a substantial amount of 
cytotoxic activity could be detected in cells stimulated with 
LPS for I h (Figure 5). However, there was no further ac- 
cumulation of cytotoxic activity, which persisted st a relatively 
low level up to 16 h, while the levd of secreted cachectin/TNF 
increased continuously. This result suggests that in activated 
macrophages mcmbraitc- bound cachectin/TNF precurso* is 
an intermediate in the generation of miture cachectic/ ■ NF. 
In fact, when we measured the band Intensities of the proteins 
shown in Figure 1 by densitometry, the 26-kDa and tlycos- 
ylated precursors constituted 14% of the total cachectin/ 
TNF-related proteins (data not shown). If it is assumed that 
macrophages actively produce cachectin/TNF for 6 h and the 
amount of precursors delayed on the cell surface remiins 
constant during this period, It can be estimated thnt *t mmi 
1% of produced cachectin/TNF is present as membrane-bound 
precursor at any point in time. However, it is obvious that 
a certain amount of cachectin/TNF precursor is present on 
the surface of activated mscrophsges snd it might be used in 
cell-cell interactloni. 

Kricgler et al. (1988) wggested that cachectin/TNF pre- 
cursor is transported to the cell surface and then cleaved by 
a proteolytic enzyme outside the cell. Our result with para- 
formaldehyde-fixed macrophiges also showed the presence of 
cachectin/TNF on the surface of sctivsted cells (Figure 5). 
However, it is not certain whether the plaima membrane is 
the only site for the release of cachectin/TNF or if the dcavsge 
occurs also in other intracellular organelles, such as the en- 
doplasmic reticulum or the Golgi apparatus. The presence 
of the mature form of cachectin/TNF in the celt lysatc might 
suggest that the precursor is also cleaved inside the cell 
(Figures 1 and 4). Cachectin/TNF produced in these orga- 
nelles might then be secreted like other secretory proteins. The 
Intracellular 17-kDa mature protein does not seem »n come 
from receptor-mediated uptake of secreted cachectin/TNF, 
since we could not see any detectible amount f radiolabeled 
1 7-kDa cachectin/TNF In the ryaate of macrophage* that were 
incubated wiih ("S]methioninc-labeled mature cachectin/ 
TNF (unpublished observation). It b possible, hww, that 
the mature protein is generated by emJogenous protease during 



Jue et al. 

lysis of cells, although we added several protease inhibitors 
with different specifidtles to the lysis buffer. 

Previous reports (Muller et al., 1986; Decker et al., !987; 
Kriegter et al. 1988) and our results show that cachectin/TNF 
is produced as a membrane-associated precursor that is then 
proteolytically cleaved to release rreture cytokine into the 
medium. Recently, a number of cytokines produced by ma- 
crophages (IU) (Kurt- Jones et al.. I°85; Matsushima et al., 
1986), tumor cells (transforming growth factor a) (Bringman 
et al., HV; Tm**o et al., 1987) and mesenchymal cells 
(colony stimulating factor I) (Rettenmicr et al., 1987; Ret- 
tenmier A Rotiasel, 1988) have been shown or suggested to 
be secreted by similar mechanisms. Although the biological 
significance of membrane-bound precursors of these cytokines 
has not yet been clarified, it is obvious that the mode of se- 
cretion differs irom that common to other secretory protdns. 
'* he cleavage of the signal peptide of other secretory protdns 
by signal peptidase is known to occur cotra nationally during 
the translocation of the nascent polypeptide chain across the 
endoplasmic reticulum (Blobel et al., 1979). The difference 
suggests that these cytokines are secreted by mechanisms that 
include proteolysis by enzymes distinctive from the wdl-known 
signal peptidase. By characterizing the enzymes involved, it 
should be possible to understand the mechanism and signifi- 
cance of this unusual mode of protein secretion. 
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abstract; Gel shift assays were employed to distinguish between the contribution of 1 70-estradtol (E 2 ) 
and a short heating step to the ability of the rat uterine cytosolic estrogen receptor (ER) to bind to the estrogen 
response element (ERE) from the vitellogenin A2 gene (vitERE). Despite the popularity of models in which 
the ER is a ligand-activated DNA-binding protein, these studies find that estrogen does not significantly 
contribute to receptor-DNA complex formation. An avidin-biotin complex with DNA (ABCD) assay was 
utilized to obtain quantitative measurement of the affinities of the ER for the vitERE and a mutant 
ScaUJiard analvsa gave a dissociation consent of 390 ± 40 P M for the F r <«u r »ed r heated ER to the vitERE. 
The data fit a one-site model and evidence for cooperativity was not observed. A dissociation constant or 
450 ± 170 pM was obtained for the unoccupied, heated ER, leading to the conclusion that estrogen was 
not n«x»ary fur ipeeffic binding to DNA. The percentage of ER capable of binding v?t FRF varied with 
each cytosol preparation, ranging from 60 to 100% and estrogen did not appear to affect this variation. 
Comprtition aiainst the vitERE with a 2-bp mutant sequence showed a 250-foW lower re atrve binding .affinity 
of thereceptor for the mutant over the vitERE sequence. This ability of the ER to discriminate between 
target and nonspecific DNA sequences was also not dependent on the presence of estrogen. 



It has been widely proposed that estrogens effect gene 
transcription by inducing their receptor protein to bind to 
specific DNA sequences in target gene*. This attractive modd 
of steroid receptors as ligand-acttvated DNA-binding proteins 
has been commonly presented as established consensus in the 
literature (Baulieu, 1989; Evans, 1988; Hunt, 1989; Picard 
et al„ 1988, 1990) and even in a recent textbook (Alberts et 
al., 1989). This modd traces its origin to the fact that a 
characteristic of the in vitro transformed estrogen receptor 
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(ER) is its ability to bind to DNA-cellulose, albeit with only 
micromolar affinity and a modest increase in affinity induced 
by steroid (Skafar A Notices, 1985). A number of treatments, 
including heating or high salt, lead to receptor Preformation 
and this process »us generally agreed to also require the 
presence of hormone (Grodyetal., 1982). The receptor would 
be expected to display a 1000- to 10000-fcId increase in 
binding affinity to target DNA sequences in response to 
hormone according to theoretical calculations, if, indeed, 
hormone confers the ability of the receptor to select target 
sequences over the mass of DNA in the nucleus (Lin A Riggs, 
1975. Ptashne, 1984; Travers, 1983, 1984; von Hippel A Berg, 
1989). t 

One such target sequence for estrogen action has been 
identified in the 5'-flanking region of the vitellogenin genes 
of Xencpus and chkken (Klein-Hitpass et al., 1986; Walker 
et al., 1984). Transcription of these genes in vivo is strongly 
dependent on the presence of estrogen (Wahli, 1981). The 
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Structure-activity studies of human tumour necrosis factors 
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The mechanism by which tumour necrosis factors (TNF and 
lympbotoxin, also called TNFor and TNF/3 respectively) exert 
their cytotoxic activity on many malignant cells, remains 
largely unknown. Furthermore, the broad array of 
differentiation (gene induction) and mitogenic activities 
towards many primary cells is stfll a subject of intensive 
investigation. TNF is an important mediator in inflammation, 
immune responses and infection-related phenomena and these 
activities contribute to the severe toxicity seen when TNF is 
used as an anticancer agent. The first step in the mechanism 
of action is the specific binding of theligand to its receptors 
and dissection of the molecular mechanism involved in this 
interaction is the subject of this review. The reasons for the 
interest in this aspect are obvious: first, the development of 
strong antagonistic TNF analogues can be useful in dampen- 
ing the potentially lethal or debilitating effects of an overpro- 
duction of the cytokine (as in septic shock or rheumatoid 
arthritis). Secondly, since two distinct TNF receptors exist, 
construction of TNF muteins that distinguish between both 
types may lead to derivatives of this pleiotropk agent with 
a more restricted biological activity pattern. Ideally, one 
would like to develop a TNF mutant that has retained its 
cytotoxic action on tumour cells without inducing the 
deleterious systemic toxicity. Such an optimized TNF molecule 
could become a potent anticancer agent. 
Key words: active site/lymphotoxin/mutagenesis/structure - 
function/tumour necrosis factor 



Primary structures 

Since the cloning of human and mouse tumour necrosis factor 
(TNF) and lympbotoxin, some 8 years ago (Gray et al. , 1984, 
1987;,Pennica etal, 1984, 1985; Fransen etal., 1985; 
Marmenout et al. , 1985), the genes for rabbit (Ito et al , 1986), 
rat (Shirai et al. , 1985), cat (McGraw et al. , 1990), dog (Fiers, 
1993), porcine (Pauli etai, 1989; Drews et al , 1990). goat 
(Sprang and Eck, 1992), bovine (Niitsu and Watanabe, 1988), 
equine (Su et al., 1991) and ovine (Young et al., 1990; Green 
and Sargan, 1991) TNF and for rabbit (Ito et al, 1986) and 
bovine (Niitsu and Watanabe, 1988) lymphotoxin have been 
isolated by different groups (Figure 1). Conservation within the 
TNF and lymphotoxin sequences is 71 and 61% respectively and 
comparison between the two human cytokines reveals an iden- 
tity of 32%, when the alignment was optimized, based on the 
comparison of their 3-D structures (Eck et a!.* 1992; see below). 
Cloning of the cDN A for the human and mouse membrane-bound 



T-cell antigen CD40L ( Arrnitage et al, , 1992; Holknbaugh et al. , 
1 992) revealed an identity of 22 % when the extracellular domain 
of human CD40L was aligned with the human TNF and human 
lymphotoxin amino acid sequences (Figure 1). The correspon- 
ding receptor for this ligand is the B-cell CD40 antigen, a member 
of a family of transmembrane proteins, including the low-affinity 
nerve growth factor (NGF) receptor and the two different TNF 
receptors, TNF-R55 and TNF-R75 (see below). Recently, a 
fourth member of the TNF family, called p33 or lympbotoxin- 
0, was identified and found to be 23 and 27% identical to TNF 
and lymphotoxin respectively (Figure 1 ; Browning et al. , 1993). 
p33 forms a heteromeric complex with lymphotoxin at the cell 
surface (see below). 

Asparagine-linked glycosylatkm was demonstrated on murine 
TNF and on murine and human lymphotoxin, at positions 7, 60 
and 62 respectively (Haranaka et al. t 1986; Porter, 1990), but 
not on human TNF (potential N-glycosylation sites can also be 
found in several other species). Moreover, it was shown that 
O-glycosylation on Thr7 could contribute to the heterogeneous 
molecular mass forms of natural human lymphotoxin pieparations 
(Voigteta/., 1992). Also CD40L is supposed to be ^ycoslated 
since its calculated A# r (29 395 Da) does not correspond to its 
observed M T (32 - 33 000 Da) (Arrnitage etal, 1992; 
Hollenbaugh et al. , 1992). Except when indicated in this report, 
positions in the protein will be numbered, starting from Vail 
of human TNF. Negative numbering stands for residues in die 
pre-sequence with Alal being the first residue upstream of Vail. 

Tertiary structure 

X-ray diffraction data on TNF (Eck and Sprang, 1989; Jones 
etal., 1989, 1990a, 1991; Sprang and Eck, 1990, 1992) and 
lymphotoxin crystals (Eck et al. , 1992) reveal the 3-D structures 
of both cytokines (Figure 2a and b). Each submit, folded into 
a 'jelly-roll' antiparallel /3-sheet sandwich, forms a bell-shaded, 
rigid, trimeric molecule with two other subunits. As a result, 
a channel is formed along the trimer axis, lined by charged and 
polar residues near the top and bottom and by hydrophobic 
residues in the middle part. Conserved residues between TNF 
and lymphotoxin cluster predominantly in die inner core of die 
molecule, when a slightly different alignment was used also 
(Tavernier etal. y 1989). As expected, the exterior surface is 
composed mostly of charged and polar residues. The monomers 
show a striking structural homology with some viral capsid 
proteins such as influenza hemagglutinin and especially satellite 
tobacco necrosis virus (STNV) coat protein. The only cysteine 
bridge in each TNF monomer is localized near the top, while 
the N- and C-tennini are located at the bottom of the structure. 
Dimers of trimers have been reported (Sprang and Eck, 1990), 
but it remains to be established whether such a higher order 
quaternary structure i epte se « fc> a btotogicaDy relevant entity rather 
than a crystallographic curiosity. 

Since the regions of homology between CD40L or p33 and 
TNF/lymphotoxin fail within the 0-sandwicfa forming seifiences 
(Figure 1), a similar 3-D fold has been suggested for CD40L 
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QDQGGLVT£TADPGAQA(X#LGFQKLPEEEPETDLSPGLPAA^ GGGDPQGRS 
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.SR.A.SV. .KV N.LSAIKSPC TPE.AE.K- 

VSR FA I SYQEKV NLLSAVKSPCPKD-TPEGAELK- 

VSRFAI SYQEKV SLLSAI KSPCPKD-T PEGAELK- 

VSRFAVSYPNKV NLLSAIKSPCHRE-TPEEAEPM- 

I SR FAVS YQTKV NLLSAIKSPCQRE-TPEGAEAK- 

I S R FAV SYQTKV NLLSAIKSPCQRE-TPEGTEAK- 

ISRIAVSYQTKV NILSAIKSPCHRE-TLEGAEAK- 

ISRIAVSYQTKV N I LSAI KS PCHRE -T PE- AEAK- 

ISRLAVSYPSKV NLLSAIKSPCHTE-SPEQAEAK- 

I SR I AV SYQTKV NI LSAI KSPCHRE-TPEWAEAK- 

ISRIAVSYQTKV NLLSAIK3PC0RE-TPEGAEAK- 

ISRIAVSYQTKV N LLS AI KS PCQRE - T PEGAEAK- 

Y...V 1LS..K - 

ioioi oioi oiioloioi 

VQL FSSQY P FHV PLLSSQKMVYP GLQE- 

VQLFSPQYPFHV PLLSAQKSVCP GPQG 

VHLFSSQYSFHV PLLSAQKSVCP GPQG 

VQL FSSQY P FHV PLLSAQKSVYP GLQG- 

V.LFS.QY.FHV PLLS.QK.V.P G.Q. 
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P-WYEPIY.GGVFQLEK. D. LS.E.N. 
P-WYEPI YLGGVFQLEKGDQLSAEVN- 
P-WYE PMYLGGVFQLEKGDLLSAEVN- 
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I I 
. . P. YLD. AESGQVYFG. IAL 
-LPKYLDFAESGQVYFGVIAL 
-LPKYLDITESGQVYFGVIAL 



A-WYE P I YLGGVFQLEKGDRLSTEVN— QPEYLDLAESGQVY FGI IAL 
P-WY E PI YLGGVFQLEKGDRLSTE I N— LPAYLDFAESGQVY FGI IAL 
P-WY E PI YLGGVFQLEKGDRLSAE I N— LPMYLDFAESGQVY FGI I AL 
P-WYEPI YQGGVFQLEKGDRLSAE IN — LPEYLDYAESGQVYFGIIAL 
P-WY E PI YQGGV FQLEKGDRLSAEI N— QPEY LDYAESGQVY FGI IAL 
P-WY EPI YLGGVFQLEKGDQLSAEI N--QPNY LDFAESGQVY FGI IAL 
P-WYEP I YQGGV FQLEKDDRLSAE I N— LPDY LDYAESGQVY FGI I AL 
P-WYEPIYLGGVFQLEKDDRLSAEIN — LPDY LDFAESGQVY FGI IAL 
P-WYE PI YLGGVFQLEKGDRLSAEIN— R PDY LDFAESGQVY FGI I AL 

P-W Y . G . . FqL . . gd . LS L S..V.FG. .AL 

o loiololoioio oioioioio loioloio 
-P-WLHSMYHGAAFQLTQGDQLSTHTD — GIPHLVLSPS-TVFFGAFAL 

■ P-WVRSVYQGAVFLLTRGDQLSTHTD—GI SHLLLSPS-SVFFGAFAL 
•P-WVRSVYQGAVFLLTQGEQLSTHTD — GIAHLLLSPS-SVFFGAFAL 

■ P-WVRSKYQGAVFLLSKGDQLSTHTD — GISHLHFSPS-SVFFGAFAL 
-P-W. .S.Y.GA.F.L. .G.QLSTHTD— GI.HL. . SPS- . VFFGAFAL 
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TNF 
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TNF 
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TNF 


Horse 


TNF 


Cow 


TNF 


Pore 


TNF 


Human 


TNF 


Conserved 


hTNF-hLT 


Secundary 


Structure 


Hunan 


LT 


Cow 


LT 


Rabbit 


LT 


Mouse 


LT 


Conserved 


LT 


Cons . 


hCD40L-hTNF 


Cons. 


hCD40L- hLT 


Human 


CD40L 


Mouse 


CD40L 


Conserved 


CD40L 


Cons. 


hp33-hTNF 


Cons. 


hp33- hLT 


Human 


p33 



-1L.A lGGVF.L..g G...FG...L 

. .L.s f . . .LL S. . .6. -F.L. .6 g.t.FG. . .L 

LCLKS-PGRFER 1 LLRAANTHSSAK-LGGQQ SIHLGGVFELQPGASVFVNVT — DPSQV-SHGTGFTSFGLLKL 

LWLKP-SIGSER - 1 LLKAANTH5SSQ-LCEQQ SVHLGGVFELQAGASVFVNVT--EASQV- 1 HRVGFSS FGLLKL 

L.LK ER ILL.AANTHSS. ,-L. .QQ S.HLGGVFELQ.GASVFVNVT SQV. .H. . GF. S FGLLKL 

S 1L P P.WY GG..QL..g r i G...FG 

V-L.S LL P.H. . S. . .G. . .qL. .G FFGA 

VrLRS-SLYKAGGAYGPGTPELLLEGAETVTPVLDPARRQGYGPLKYTSVGFGGLVQUlRGE 

Fig. 1. Primary sequence of different mammalian TNF. tymphotoxin. CD40L and p33 species (see text for references). Conserved TNF. conserved LT and 
conserved CD40L stand for identical residues in the different TNF (one exception is accepted), lyrnphotoxin and CD40L species respectively. Conservation 
between human TNF and human lympbotoxin, conserved hTNF-hLT; between human CD40L and human TNF, cons. bCD40L-hTNF; between human 
CD40L and human lyrnphotoxin, cons. hCD40L-hLT; between human p33 and human TNF, cons. hp33-hTNF, between human p33 and human 
lymphotoxin. cons. hp33-hLT. Small letters indicate that the conservation in one of the structures is not fully conserved between the different species (for 
TNF, one exception is accepted). Residues involved in secondary structure of TNF and lyrnphotoxin (line 14) are indicated as i and o (= inside and outside 
orientation in the monomer /3-smdwich respectively). 0-Strends on the shee* facing the trimer axes are underlined (adapted from Sprang and Eck, 1992). 



(Farrah and Smith, 1992) and p33 (Browning eta!. y 1993). 
Hence, it can be proposed that, in analogy with the hypothesis 
of Bazan (1990) for the cytokine receptor family, the ligands of 
the TNF/NGF receptor family also share some structural (and 
even sequential) homology. However, although NGF is also an 
all-/? protein, its topology is coniptetei/ differert from TNF ^ 
lyrnphotoxin (McDonald et al. 9 1991) and the TNF/NGF ligand 
family could thus tall into two structural classes (Farrah and 
Smith, 1992). 



Membraoc-auicbored variants 

Human TNF is synthesized as a precursor protein of 233 amino 
acids. The prosequence has an unusual length of 76 amino acids 
and is very conserved in all species of the TNF family (76%), 
suggesting an as yet unknown but important biological role. In 
this prosequence, a hydrophobic stretch between residues -44 
and -26 is present (Fiers era/., 1991b). Since it was shown 
that TNF can also function as a surface-bound cytotoxin (Decker 
etal., 1987; Liu e?a/., 1989), this stretch could serve as a 
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membrane anchor of the TNF prohormone, as has been 
demonstrated by several groups (Kriegler ef a/., 1988; Luettig 
et a/., 1989; Kinkhabwala* a/., 1990). The myristyl acyl*xm 
of a couple of lysine residues, upstream of this sequence, may 
facDftatethemembnttieiim 1992). 
Pro-TNF should thus have a type II membrane glycoprotein 
configuration since its C-terminus is located extracellulariy and 
this characteristic is shared with the CD40L ligand (Armitage 
etal., 1992; Hollenbaugh « a/. , 1992). 

The unusual processing of this precursor molecule is 
remarkable, since no release of the 17 kDa mature TNF subunit 
was detected in a cell-free system, supplemented with dog 
pancreas microsomes, but processing to TNF polypeptides of 
various lengths (17, 18.5 and 20 kDa) was observed in 
mammalian cells and Xenopus laevis oocytes (Mfiller et al., 
1986). It has been suggested that the TNF precursor is transported 
to the cell surface and then cleaved by extracellular protease 
activity, thereby leaving behind a 14 kDa prosequence in the cell 
membrane (Jue era/., 1992). The difference in calculated 
(8660 Da) and apparent (14 kDa) Af r and the absence of 
glycosylation, supports the idea of other post-translational 
modifications of the membrane-inserted prosequence, such as 
myristyl acylation (Jue et al. , 1992). An 18.5 kDa mature subunit 
was also characterized in die medium upon induction of the mouse 
RAW264.7 cell line and it was shown that this variant started 
with ten additional N-terminal amino acids that rendered the 
molecule biologically inactive (Cseh and Beutler, 1989). In this 
respect, it may be mentioned that the in vitro translated precursor 
TNF is also inactive (Kriegler etal., 1988), suggesting that 
segments of the prosequence can mask the active centre or 
constrain the molecule into an inactive form. Because cleavage 
within die region between amino acids -32 and -1 should result 
in the 17, 18.5 and 20 kDa forms, Klostergaard et al. (1992) 
deleted this sequence and replaced it by the tetrapeptide 
lie- Asp-Leu -Glu, but unexpectedly no uncleavable forms 
could be found. A similar result was observed when small 
deletions within the -3, +5 regkjnwereintioAiced(IVrezer a/., 
1990). A deletion of the first 12 amino acids disrupts the cleavage 
process of TNF and leaves a membrane-bound, active form 
(Perez eta!., 1990). 

The signal sequence of lympbotoxin (34 amino acids) is more 
standard and does not allow membrane anchoring. Nevertheless, 
membrane-bound lymphotoxin was detected (Abe et al. , 1991 ; 
Hiserodt era/., 1992). Here, anchoring occurs by the non- 
covalent interaction of one lymphotoxin monomer with a 
membrane-bouiKldimerofap33protem 1991; 
Androlewicz et al. , 1992). Further studies must unravel whether 
this lymphotoxii' -p33 heterotrimer exerts activity and, if so, how 
far it mimics that of lymphotoxin. Certainly, this capacity of the 
lymphotoxin monomer to combine with other molecules is, in 
view of its structure -function relationship, an intriguing 
phenomenon that could shed new light on the mechanism of action 
of lymphotoxin. 

Physicochemkal characteristics 

A summary of the biochemical and biophysical properties of TNF 
and lymphotoxin is given in Table I. Many attempts have been 
made to determine the mol. wt of native TNF and lymphotoxin 
by gel filtration, but aspecifk interactions with the different 
column matrices (Yoshimura et al. , 1980; Petersen et of. , 1989; 
Schoenfekl etal. y 1991) were at the source of confusing 
conclusions. Moreover, conflicting reports have been published : 
concerning the amount of monomelic TNF in solution (Narhi 



and Aralcawa, 1987; Smith and Baguooi, 1987;ScfaoenfeldtfdL, 
1991; Cord eta!., 1992). However, methods such as 
iihracentrifugabon and sedimentation, cross-linking, small angle 
light scattering and 2-D gel electrophoresis shor ed that TNF 
under all physiological circumstances is in a trimer form (Table I)- 
On the whole, TNF is relatively resistant to organic solvents 
and acidic conditions as compared with lymphotoxin (Aggarwal, 
1990; Porter, 1990). The side chain of Lys98 in TNF forms an 
ionic bond with the carboxylate group of Qui 16 from the same 
subunit and this results in a yf»HiKHna ring of ion pairs around 
die Mold axis near die top of the molecule. Since Glu 1 16 is 
replaced in lympbotoxin by a histidine residue, the lack of charge 
compensation may account for the acid lability of die molecule 
(Ecketal., 1992). In contrast, lymphotoxin is more resistant to 
protease activity. Indeed, several highly accessible protease 
recognition sites are exposed near die bottom of the TNF 
molecule, where die putative active site is located (see below), 
while in lymphotoxin, these sequences map near the less sensitive 
N-terminal part or the upper region of the molecule (Jones et at , 
1991). 

It should be noted that, although unglycosylated lymphotoxin 
has the same bioactivity as the glycosylated natural product, the 
presence of the carbohydrate group renders the molecule more 
hydrophilic (Hains and Agg^rwal, 1989) and makes it more 
accessible for iodination (Stauber and Aggarwal, 1989). 

The modification of TNF with reagents specific for the imidazol 
moiety of histidine (Yamamoto et al. , 1987, 1089) or for the 
free amino groups of *ysine and the N-terminal vaiiae 
(Klostergaaid et of., 1992; Utsugi et al., 1991, 1992), resulted 
in a decrease of cytotoxicity, correlating with the degree of TNF 
modification. This led in the former case to the identification of 
Hisl5 as a possible candidate for participation in the active site 
(see below). On die other hand, acylation of some amino groups 
can lead to an increase in hydrophobiciiy without loss of TNF 
activity and such a modified TNF molecule can integrate more 
easily into lipid vesicles. It has been claimed that lipid-bound 
TNF possesses unchanged in vitro tumor cytotoxicity and 
immunomodulatory effects, wh*le some toxic side-effects in vivo 
would be reduced (Debs etal., 1989, 1990). 

Determination of the active site 

Mutational analyses of TNF have been facilitated by the high 
TNF expression levels that could be reached in Escherichia coli 
cells. Furthermore, the fact that TNF does not form inclusion 
bodies but remains soluble in bacterial extracts, allows a fast and 
easy purification for wild type TNF as well as for many of the 
mutants. Lymphotoxin is much less soluble in E.coli lysates. 
However, efficient purification protocols (Schoenfekl et ai . 
1991 ), together with optimalization of the ribosome binding site 
and adapted codons for E. coli throughout the gene (Scow et al. . 
1 989), have allowed lymphotoxin to be obtained in high quantities 
from bacteria. 

The TNF and lymphotoxin mutants published so far arc 
summarized in Table D. Many of the substituted residues are 
located in the interior of the roooomeric and/or trimeric molecule. 
Not unexpectedly, any change in these usually highly conserved 
amino acids induces a structural distortion that indirectly causes 
inactivity. Drastic conformational disturbances can be detected 
by changes in solubility or immunoreactivity. Also, several 
techniques such as gd filtration, refolding behaviour. CD 
(circular dkhroism). cross-linking, fluorescence and a 
combination of IR (infrared spectroscopy) with hydrogen 
exchange, have been used to evaluate the global conformation 
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Table I. Physicoctemical characteristics of TNF and lympbocoxin 



m : Cyi69. CyilOl 
»:Cyi69.Cyil01 
C69-C101 



ar weight (Da) 

lea/ 

2D-ODD-IEF* 
tltrocmnjutabtm 



small tptgb acaB*r:ng 
moL weight 



nmtantAS4V 

C69S 



Spectra 

CD 

(circular dtchrolsm) 



fluorescence (2 SO nmi 

IR'Sptxtroscopym 
combmaaom wtOi 
H-€rcha*ge 



TNF 
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.156 



:pnm*AmT) 



17336 (moMOHr) 
32061 (tamer) 
■a: 17000 

m : 1MS000 



±43000 
33000 
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48000 

30-33000 



(35 A) 



(1.83 A; twinned) 
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283 5 nm 
: 291-292 3 nm 



far UV 
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Davit ci aL 1987 
Hsu etaL 1986 
WiagficldctaL1987 



Greta it aL 1976 
Haranafca etaL 1986 
Juc etaL 1990 



PennicactaL. 1984 

KuUandCiulracaiaa, I9S4 

ncactaL. 1983 
Hannaka etaL 1986 

Browning and Ribolmi. 1989 
Lara etaL 1988 
Snvth and Bagliooi. 1987 
Eckctal.. 1988 



let aL 1991 
WicJiekJtaL, 1987 
SmkrnfanactaL.1989 
Smiih and Bagboni, 1987 
Arakawa aod Yphanua. 1987 

Schoen&WetaL 1991 
Y«himura etaL 1988 
l^-Bo«lcyctaL1988 



Lewit-BendeyctaLI988 
FienelaL 1986 
Eck ctal. 1988 



Hafcmhima and Tomiu. 
1988 

lone* a aL 1989 
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Van Osladc unpufai rca. 



Davis ctal. 1987 
HsuctaL 1986) 
NMadu ct aL 1987 
WngficfdetaJ. 1987 
el al. 199 1 
ctal. 1989 
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Naradu et al . 1987 
Arakawa el aL 1990 
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Aggarwal at aL 1984 
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Han «taL 1989 
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Porter etaL 1990 
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Schoen&ld etaL 1991 



SdioenfekletaL 1991 
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Ntdukawa a aL 1990 
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naddka* 
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iltm 


(knaturaboaat J.SM 


WiagCeldctaU19r7 






gHom&Mum-HCl 
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t 
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Hvaoakactal.l9S6 






-claataie 


+ 


Sc met at. 1991 








+ 


BtuvotsctaL, 1993 


*■ 


Scadari at aL. 1991 




- 


Hajanafc»ctaL.19S6 
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+ 
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AuarwalatAL, 1991 
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+ 


- 






temperature 


ataMe 


WinjfiddetaLWt? 








reduced activity 








70°C-lhr 


no activity 


Green etal, 1976 








inactivity 


WnsficUctam9S7 






25"C-1 neat 


reduced activity 


Gciffllelal. I9T7 






25X-4n>oal** 










37°C-l moadi 


degraded 









Except when indicated, data were derived from experiments with human TNF. 
'2D-ODD-IEF: two dimensional, one dimension denatured isoelectric focusing. 
b AA* acrylamwtr 



of TNF analogues. In addition, crystallization and X-ray 
diffraction of the inactive TNF mutant A 84V (see below) is under 
way (Saludjian et al. , 1992). In the cases where loss of bioactivity 
was not accompanied by a gross structural alteration, the 
concerned residue was boxed and assumed to lie in or very near 
the active site (Figure 3a and b). Exceptions to this rule are 
residues S60 and H78 which are known to be positioned inside 
the molecule. Some mutations at these sites probably induce local 



conformational changes, leading to biological inactivity, but 
which are undetectable by physicochemical assays (Table U . 
Zhang et aL. 1992). The most relevant mutations, with respect 
to the TNF active site, will be discussed below. 

Importance of the AT- and C-termini 

Deled n at the N -terminus for eight amino acids increases the 
activity of TNF by a factor of 1.5-5. as measured in an L929 
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Table D. List of mutations in TNF and lympbotoxin 
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Kobayaihi daL, 1986 
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■ 


Al-2 
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+ 




Natamura daL, 1990 






460 








KamijndaL. 1989 


A1-2+L157F 




10 








• 


A1-2+S3T+S4T+S5T 


190 










Al-4 




150 








CreaacydaL, 1987 


Al-5 




150 




±100 




Tsujmiolo daL, 1987 






±190 








NakamuradaL, 1990 














Aggarwal daL, 1985b 


Al-7 




240 








CrcascydaL. 1987 






275 




+ 




NakamuradaL, 1991b 






360 




±100 




Sidw and Bolkm, 1989 






350 


++ 






Van Odade. unpubL res. 


AI-7+P8R+S9K+DI0R 
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NakamuradaL. 1991a 


A1-7+R32E | 




0.03 
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OF 


NakamuradaL, 1991b 
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•) 


33 
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VanOatadedaUsubriL. 
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CD 
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Creasey d al., 1987 
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Grigcrt d al., 1987 
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++ 






Mark daL, 1987 
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++ 
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Carlino d aL, 1987 
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++ 






Mark daL, 1987 
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NakamuradaL. 1991b 
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CD 
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WakabayasM d al.. 1990 
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- 
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ND 


+ 






Nishikawa ct aL. 1990 


Al-12 




ND 








Nakamuradal., 1991b 


AI-17 




ND 








Nakamuradal.. 1990 


AM7 + R+R-M 




>wt 








Soma d al.. 1987 


A! -20 


















ND 








Nishikawa d al.. 1990 


A31-35+GSG 




00005 








Van Osude d al Mibm. 


A137-157 










PS 


GascdaL. 1990; 1991 


A137-138+A140-141 








PS 
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ND 








Gray da:.. 1984 



A150-157 




ND 








I in ^ si 1442 


A15I-157 




ND 




ND 
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PS 
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PS 


* 


AI56-157 




KTTV 




ND 
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PS 


H^^al I490* 1991 
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vn 








144) 
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ra 


mav ci ax, ittv, 177* 


R 2 


K+S4H+T7H 
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Fig. 2. Ribbon tracing of (a) the human TNF and (b) lymphotoxin trimers. Subunits are coloured red, yellow and blue. The disulphidc bonds and cysteine 
residues in each monomer are visualized. 



cytotoxicity assay (Creasey et al, 1987; Geigert et al, 1987; 
Tsujimoto et al . 1987; Kamijo et al, 1989; Sidhu and Bollon, 
1989; Nakamura et al, 1990; our unpublished results). After 
removal of nine residues, activity drops back to wild type levels 
(Mark et al , 1987; Yamagishi et al. , 1990) and only after dele- 
tion of more than ten amino acids, is a decrease in activity 
observed (Carlino et al. , 1987; Creasy et al. , 1987: Mark et al. , 
1987; Nakamura eta!., 1991b). A similar feature holds for 
lymphotoxin where up to 27 N-terminal amino acids could be 
removed without loss of biological activity (Aggarwal et al. , 
1985b; Kobayashi eta!.. 1986; Nishikawa eta!., 1990; 
Wakabayashi et al. , 1990). Note that Pro 18 of lymphotoxin 
corresponds structurally to Vail of TNF (Figure 1). 

On the other hand, the C-terminus of TNF seems to be very 
sensitive, as deletion of eight, three, two and even one amino 
acids at this end drastically decreases solubility and bioactivity 
and augments the sensitivity to protease degradation (Sidhu and 
Bollon, 1989; Gase etal, 1990, 1991). Also in lymphotoxin, 
the last 16 (Gray et al. , 1984) or ten residues (Kobayashi et al. , 
1986) cannot be removed without drastically reducing the 
biological activity. 

These results can be interpreted on the basis of the 3-D 
structure, as Lysll in TNF (Lys28 in lymphotoxin) forms an 
ion pair with the C-terminal moiety cf Leu 157 (Leu71 in 
lymphotoxin) of the adjacent subunit (Sprang and Eck, 1990). 
Since the receptor binding site of TNF and lymphotoxin is 



localized at least in part in the lower half of the molecule (which 
is the broader half of the pyramidically shaped TNF trimer; see 
Figure 2a and b), removal of one of the terminal residues or 
deletion in their close proximity presumably leads to a disturbance 
of the local (and perhaps even more distal) conformation which 
could indirectly influence bioactiviiy. However, in contrast to 
this hypothesis is the observation of Zhang et al (1992) who 
noticed that several substitutions al position 1 1 (Kl 1Q, Kl 1M, 
K11T, K11N) have no detectable effect on structure and 
biological activity. It is known that the N-terminus of both 
cytokines is very flexible and may even curl up and fold into 
the groove between the subunits (Sprang and Eck, 1992) where 
it can block the putative active site. Moreover, a murine TNF 
molecule with an additional ten amino acid stretch at the 
N-terminus, was devoid of cytotoxic activity (Cseh and Beuder, 
1989). The requirement for rigidity of the active site environment 
is fuiuict supported by lite observation liiai substitution of Leu 157 
by Phe, Met or Gin increases bioactivity (Kamijo et al , 1989; 
Yamagishi et al. 1990), probably by increasing tighter hydro- 
phobic intersubunit interactions. 

A TNF mutant shortened by 1 7 N-terminal amino acids has 
proven to be inactive (Nakamura et al, 1990). It is therefore 
a remarkable claim that addition of the basic amino acid stretch 
Arg— De-Arg-Met at this A 17 mutant would confer on the 
molecule an even broader cytotoxicity in vitro as well as in vivo 
(Soma et al , 1987). Furthermore, the replacement of Asp 10 by 



Structure -activity studies of human TNF 




Fig. 3. Space-filling mode! of (a) human TNF and (b) lymphotoxin. Different subunits are represented in red, yellow and blue. Side chain atoms of the two 
subunits in front are of darker colour. Relevant amino auds (Co atoms and side chains) which are presumed to be involved in receptor interaction (see Tab! 
II) are labelled and marked with white. Side chains that preferentially interact with the TNF-R75 or TNF-R55 are coloured green and magenta respectively. 



arginine ( = D10R mutation) also caused a broader cytotoxic 
character, together with the maintenance of solubility and a 
slightly increased cytotoxicity towards L929 cells (Soma et al , 
1988). However, since the sp. act. of the control wild type TNF 
on these cells was approximately ten times lower than generally 
accepted (1.7 x 10^ versus 1-5 x 10 7 U/mg), the extent of 
the increase in activity of the mutants towards sensitive and more 
resistant cells should be re-evaluated and compared to inter- 
national standardized wild type TNF. Another group reported 
the inability of the DIOR mutant to kill wild type TNF-resistant 
cell lines, one of which (the bladder carcinoma T24) was the 
same as in the previous study (Ito et al. , 1991) and similar site- 
specific mutations in the N-terminal region (R2K-S4H-T7H, 
Kamijo et al , 1989; P8R-S9K-D10R, Nakamura et al. , 1991a) 
only caused a very small increase in L929 cytotoxicity. It may 
be noted that cell lines used in different laboratories under the 
same name, may vary considerably in sensitivity and the use of 
appropriate standard TNF preparations is highly recommended. 

Mutagenic analysis 

Because originally very tew indications were available concerning 
the location of the active site on the TNF molecule, random 
mutagenesis on the gene was performed and inactive molecules 
were selected on the basis of their cytotoxic activity against mouse 
L-M cells (Yamaghishi et al , 1990) or mouse L929 cells (Van 
Ostade et al , 1991). Starting from these results, additional site- 
specific mutations were then introduced. The conformation of 
the resulting TNF analogues was investigated by analysis of 
solubility and immunoreactivity (Yamagishi et al , 1990) or their 
solubility, circular dichroism spectra and trimerization properties 




fig. 4. Ribbon tracing of a bottom -top view of the TNF structure. 
Different subunits are coloured red. yellow and blue and amino acids, 
puutivelv involved in receptor interaction are marked white. To make the 
tnplicaie* active site clearly visible, pan of the bonom region was cut off 
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(Van Ostade et al. , 1991). Results from these two independent 
studies were quite similar: TNF activity dropped considerably 
when alterations were introduced in regions 29 - 36, 84-91, 
117-119 and 143-148, without marked change in immune - 
reactivity or physicochemical characteristics. More specifically, 
substitutions on th2 following positions reduced TNF cytotoxicity 
by a factor of > 100: 29, 32, 33, 34, 36, 84, 86, 87, 91, 117, 
119, 143, 146, 147 and 148 (Table II). Except for region 
1 17- 1 19, which is involved in the formation of an inner /3-sheet, 
the other three stretches are all located in loop structures which 
cluster in the 3-D model of TNF around the cleft, located each 
time between two subunits of the trimer (Figure 3a and b). The 
majority of the aforementioned residues are positioned in the 
lower half of the molecule, near the base of the pyramidal 
structure, at the outer surface. By convention, the three-sided 
pyramid is represented with its tip upwards, but when bound to 
its receptor, the tip is oriented towards the cell surface (Banner 
etai, 1992). 

It is not easy to evaluate to what extent an amino acid 
substitution in these regions alters the biological activity in either 
a direct or an indirect manner. Indirect inactivation by 
destabilizing subunit contacts and, thus, by altering the 
conformation of the active site cleft, is quite conceivable (Sprang 
and Eck, 1992). However, Tyr87, for example, is a protruding 
residue, not involved in intersubunit contacts (Figure 4) and 
substitution by histidine, asparagine or serine reduces the 
cytotoxicity drastically (Yamagishi et al., 1990; Zhang et ai , 
1992). Moreover, the same residue is also involved in the active 
centre of lymphotoxin where even a conservative change to 
phenylalanine results in a more than 1000-fold drop in activity 
(Goh etai, 1992). Hence, Tyr87 could form a direct contact 
with the TNF receptor, although it has been reported that 
iodination of TNF and lymphotoxin on this Tyr residue did not 
reduce the activity (Aggarwal et al., 1985a). Another potential 
candidate for direct interaction with the receptor is Asp50 in 
lymphotoxin (position 33 in TNF) because of the large decrease 
in bioactivity after substitution by conservative amino acids such 
as asparagine or glut&iuc xid (Goh et al. , 1992). The side chain 
of ihis residue clearly points to the exterior (Figure 3b) and, 
hence, is able to form a direct contact with the receptor. However, 
the direct involvement in the active centre of TNF of the loop 
containing Asp50 is still unresolved. Zhang et al. (1992) 
constructed several mutations in this region (L29M, L29V, L29Q, 
L29P, R31P, R31H, A35P and A35T). They concluded that only 
the rotation-restricted proline substitutions were able to reduce 
considerably receptor binding and cytotoxic activity, probably 
as a result of a local modified conformation of the polypeptide 
backbone. Th'^se results suggest that direct receptor binding sites 
are more distantly located from the loop connecting 0-strands 
a and a'. 

Another random mutagenesis study revealed two potentially 
relevant TNF muteins: H15Y and PU7S (ho etai, 1991). 
Although no analysis was made regarding the possible change 
in conformation of these mutants, the two positions agree well 
with other reports (position 15, Yamamoto et al., 1987, 1989; 
position 117, Yamaghishi etai, 1990). 

It may be noted that although the concentration of the 
inactivating mutations in a single area constitutes an intrinsic 
control for the random experiments, the possibility is not excluded 
that other domains of the molecule are also involved in receptor 
contact but were not revealed due to conformational disturbances 
which some substitutions might cause. Thus, while the lower half 
of the TNF molecule is certainly involved in receptor interaction, 



these data do not exclude the possibility that additional sites also 
play a role. Furthermore, caution must be taken since activity 
determinations were performed on mouse cell lines (L929 and 
WEHI) while a species-specific effect can clearly be observed 
with the majority of the muteins when tested on human cell lines 
(e.g. Hep-2 and KYM) (Van Ostade etai, submitted). This 
indicates that the heterologous ligand -receptor interaction is 
more restricted and, hence, more sensitive to mutagenesis, as 
compared to the homologous interaction. 

Consistent with the aforementioned results are the data of 
Masegi et al (1990) who showed that mutagenesis in two of the 
previously mentioned loops (R32E and A84H) could reduce the 
cytotoxic activity by a factor of 10 4 . Zhang et al. (1992) also 
obtained evidence for the possible involvement of Ser95, Ser 133 
and Serl47, the first of which also lines the intersubunit cleft. 
Ser 133 is located outside the groove and this may suggest an 
extended receptov binding surface, at least in the lower half of 
the molecule. However, the activity data of Zhang et al (1992) 
are in contrast to those reported by Ito et al. (1991) and 
Yamagishi etai (1990) on S95F+G153V and S133I mutants 
respectively (Table II). Also conflicting results concerning the 
involvement of the R3 IH and N39D mutants exist in the reports 
of Zhang et al. (1992) and Yamagishi et al. (1990) (Table II). 
The explanation for these contradictions is still unclear but 
measurement based on purified proteins versus bacterial lysates 
could be a possible reason. 

Other studic by site-specific mutagenesis were directed at some 
conserved residues in the primary structures of the two cytokines. 
For instance, the three histidine residues (positions 15, 73 and 
78) of which the first and the last are conserved in TNF and 
lymphotoxin, were changed to various other amino acids (Table 
II). Only mutagenesis of Hisl5 caused a clear decrease in 
bioactivity, but all the mutants (H15N, H15Q, H15K, H15G) 
accumulated in bacterial inclusion bodies and had to be solubilized 
by a denaturation-renaturation step (Yamamoto, 1987, 1989). 
As a consequence, the possibility that inactivity is a result of 
incorrect refolding of the His 15 mutants cannot be excluded. 
Moreover, Zhang etai (1992) suggested that the putative 
hydrogen bond between His 15 and Tyr59 or the local polar 
environment in this area is necessary for a correct folding of the 
monomer. The two tryptophan residues (positions 28 and 1 14) 
are not only conserved in all TNF species but also in lymphotoxin 
(Figure 1). It turned ou*, however, that replacement by 
phenylalanine had no pronounced effect on cytotoxoic activity 
(Van Ostade et al. , 1988). Also substitution of Trp28 by cysteine 
did not alter bioactivity, although the mutants W28R, W28L and 
W28S resulted in abnormal aggregated forms, suggesting a 
structural role for Trp28 (Zhang et ai , 1992). The two cysteines 
(69 and 101 ) are conserved in all TNF species and even in oovi^c 
and rabbit lymphotoxin but not in human lymphotoxin (F* 
1). As mentioned before, these residues form an intramolea 
disulphide bridge, thereby connecting two loops on top of ea h 
subunit. This bond was broken by replacing one (Tsujimoto et al. , 
1987; Yamagishi et al., 1990; Lin, 1992; unpublished results) 
or the two Cys residues (Mark et al. , 1987; Narachi et ai , 1987; 
Arakawa etai, 1990; Prestrelski and Arakawa, 1991; Lin, 
1992). Only a slight reduction in activity was observed in each 
case and it was reported that the mutant adapted a looser, more 
flexible structure in solution, as compared to native TNF 
(Arakawa etai, 1990; Prestrelski and Arakawa, 1991). 
Moreover, it was observed that crystals, grown either from 
reduced TNF (Eck et al. , 1988) or from the disulphide bridge- 
deficient mutant C69S (unpublished results) diffract to a high 
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resolution, but unfortunately were twinned and, thus, unsuitable 
for X-ray diffraction analysis. Also deletion of a neighbouring 
amino acid (Gin 102) had no influence on cytotoxic activity (Ito 
etal, 1991). 

Other evidence regarding the structure —function relationship 
Some theoretical considerations were suggestive for an active 
centre in the lower half of the molecule. Jones et al. (1990b) 
were able to project onto the TNF structure receptor-interacting 
residues of viral coat proteins, having a structural similarity to 
TNF (e.g. picomavirus HRV14 and the foot-and-mouth disease 
virus FMDV). In the case of Serl33 and the tripeptide 
Lysl28-Glyl29-Aspl30, even some sequence homology with 
the corresponding viral residues was noted and, in addition, De83 
was also a serious candidate. Mutations in the much more related 
CD40 ligand (see above) that cause non-functional molecules, 
leading to the disorder of X-linked immunodeficiency with hyper 
IgM, map onto positions 13 (DiSanto et al, 1993) 18, 19, 130 
(Aruffo et al, 1993), 28 (KorMuer et al, 1993) 43 and 122 
(Allen et al, , 1993) when projected onto the TNF structure. All 
these mutations arc drastic, non-conservative replacements that 
are located in the lower half of the molecule and probably disrupt 
the conformation of the CD40 binding site. 

Another approximate localization of the active site came from 
the determination of the epitopes of neutralizing antibodies. 
Antibodies were raised against several synthetic TNF fragments 
and were able to react with the native molecule. However, only 
antibodies against the N-terminal sequences 1-15 and 1-31 had 
neutralizing potency while antibodies to epitopes in the middle/top 
region did not (Socher et al, 1987; Corti et al, 1992b). In a 
similar study, the last 31 residues of human TNF were replaced 
by their corresponding mouse amino acids. Such a TNF chimera 
completely lost a binding site for a neutralizing antihuman 
monoclonal antibody. Substitution of the only three conserved 
residues in this stretch, pointed to Argl31 as being involved in 
the epitope but not in the active centre. As the antibody was 
neutralizing, residues essential for bioactivity must be located 
in close proximity to this Argl31 (Tavernier et al, 1990). 

Finally, another strategy for active site determination involved 
the introduction of consensus recognition sequences for N-linked 
glycosylation in the loop regions of the protein. Expression in 
Chinese hamster ovary cells (CHO cells) resulted in rationally 
designed, glycosylated human TNF molecules. These studies 
learned that introduction of carbohydrate groups on loop regions 
at the bottom (loops 6-11, 30-34, 38-42, 52-57, 85-89, 
125-129 and 155-158), blocked the active centre of TNF. 
Linkage of glycosyl groups to loops, positioned higher in the 
molecule had no effect (Leung and Leung, 1992). 

Mutant TNF molecules that differentially bind to the two TNF 
receptors 

Two TNF receptors (TNF-R55 and TNF-R75) from human 
(Loetscher et al , 1990; Schall et al , 1990; Smith et al , 1990) 
and mouse (Barrett et al., 1991; Goodwin et al, 1991; Lewis 
et al , 1991) have now been cloned. The mouse TNF-R75 does 
not bind human TNF (Lewis et al , 1991; Tartaglia et al , 1991) 
and this explains the decreased activity of human TNF towards 
murine thymocytes or T-cell lines (Plaetinck et al , 1987; Ranges 
et al , 1988, 1989) which express this receptor type as the major 
form. 

Early mutagenesis studies already suggested a differential 
activity of some TNF muteins, maintaining the wild type activity* 
in one assay system but showing a reduced activity in another. 



The double cysteine mutant, C69A-C101A, had an antiviral 
activity on HeLa cells comparable to the native protein, but 
cytolytic activity and inhibition of intracellular lipid production 
was reduced by a factor of 5-7 (Narachi et al, 1987). Also 
another double mutant, R31N-R32T, exhibited wild type growth 
enhancing activity on diploid fibroblast cells, whereas cytotoxic 
activity towards a myorhabdosarcoma cell line was reduced 
±60-fold (Tsujimoto et al, 1987). On the other hand, changing 
Leu 1 57 (the last residue in TNF and lymphotoxin) to 
phenylalanine, resulted in a mutant that was five and 20 times 
more potent in the induction of macrophage differentiation and 
cytotoxicity respectively, compared to wild type TNF (Kamijo 
et al , 1989). Although such results have to be evaluated with 
caution considering the inaccuracy of many cell biological assays, 
they can be interpreted as cell-specific responses to a signal 
mediated by one TNF receptor or as differential binding of TNF 
towards the two TNF receptors TNF-R55 and TNF-R75. The 
latter possibility was strengthened by the observation tiiat a 
neutralizing anti-TNF antibody inhibited cytotoxicity and receptor 
interaction in one tumour model but not in another (Rathjen et al , 
1991 ). We have characterized in detail two TNF mutants, L29S 
and R32W, which have maintained almost completely the ability 
to bind to TNF-R55, while the TNF-R75 affinity was decreased 
drastically (Van Ostade et al , 1993). In addition, this difference 
in physical binding behaviour towards the two TNF receptors 
was supported by the biological activities they mediated. In a 
subsequent study, two mutations at position 29 (L29G and 
L29Y) were shown to be even more discriminative, as compared 
to L29S. Also charge reversal at position 146 (E146K) results 
in a marked differential binding and activity. The results obtained 
thus far indicate that the TNF-R75-specific region is located in 
a cluster of three residues at the right side of the groove (Figure 
3; Van Ostade et al, submitted). Such an uncoupling of I*NF- 
R55- and TNF-R75-mediated activities could have an interesting 
potential regarding the clinical use of TNF as an anticancer agent. 
Indeed, in vivo toxicity of human TNF in normal mice is —50 
times lower, compared to mouse TNF, while selective tumour 
toxicity remained unaffected (Brouckaert et al. , 1992), suggesting 
a special role for TNF-R75 in TNF-induced systemic toxicity. 
Since in the human system the TNF-R55-specific mutants L29S, 
R32W and E146K could act as the equivalent of human TNF 
in mice, they offer the prospect of reduced general toxicity, when 
used in cancer patients. In addition, the R32W and E146K 
mutants show a decrease in activity towards neutrophils and 
endothelial cells (Barbara et al , in preparation), two cell types 
which are believed to play an important part in TNF-induced 
systemic toxicity (Beutler and Cerami. 1988). Uncoupling of 
TNF-R55- and TNF-R75-mediated activities was also possible 
in the mouse system (mouse R3?Y; Van Ostade et al . submitted) 
and. therefore, offers the possibility of testing the efficacy of 
differentially binding muteins in \ivo in mice (unlike human TNF. 
these mouse TNF mutants are expected to be almost non- 
immunogenic). Furthermore, a reversed differential binding 
(affinity for TNF-R75 less affected as compared to TNF-R55) 
and concomitant receptor-mediated activity was observed with 
several substitutions at position 143 in human TNF (Van Ostade 
et al , submitted). It thus appears now that both TNF receptors 
can interact, in addition to a common region, with at least one 
specific area on the ligand (Figure 3). 

Difference between TNF and lymph toxin 

Certain cell types respond in a different way to TNF and to 
lymphotoxin (Aggarwal. 1991b and references therein; Porter. 
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1990 and references therein; Wakabayashi et al, 1990). Both 
cytokines bind to the purified receptors with similar affinities 
(Schoenfeld et al , 1991) although on some cell lines a slightly 
higher affinity for TNF was observed (Aiyer and Aggarwal, 
1990; Andrews et al. , 1990; Desch et al. , 1990; Espevik et al , 
1990; Wakabayashi etal, 1990; Raitano eta!., 1991). Also 
remarkable is the weaker binding of lymphotoxin towards the 
soluble receptor forms, particularly towards TNF-R55 (^longer 
et al. 1989; Engelmann et al , 1990b; Gatanaga et al , 1990; 
Kohno et al. , 1990; Loetscher et al. , 1991 ; Pennica et al , 1992). 
Obviously, it means that the interaction between the (soluble) 
receptor and the ligano cannot be identical in molecular detail 
for TNF and for lymphotoxin. In this respect, it is noteworthy 
that after alignment with TNF, a deletion and an insertion in 
lymphotoxin fall within two loops at the top of the trimer 
(Figure 1; Eck et al , 1992). These loops give the lymphotoxin 
structure a more flattened (due to the absence of the 103 - 108 
TNF stretch, which is the highest protruding loop in the TNF 
molecule) and a fan-shaped outlook (insertion of four amino acids 
between loop residues 70 and 71 in TNF) (Figure 2a and b). 
Shortening of the latter loop in lymphotoxin (deletion of residues 
84-89, lymphotoxin numbering) and, thus, making the molecule 
more TWF-like', resulted in a mutant that apparently showed 
no drastic change in the other pans of the structure, . s determined 
by circular dichroism spectra and refolding experiments 
(Wakabayashi et al , 1990). However, this deletion mutant had 
a remarkably increased activity, corresponding to a higher 
receptor binding affinity and amino acid replacements in this 
region could only partially mimic the effect of the deletion. On 
the other hand, in those assays where TNF was used for 
comparison, none of the lymphotoxin mutants reached the TNF 
potency (Wakabayashi et al , 1990). More activity and affinity 
studies on cells that respond differendy to TNF and lymphotoxin 
need to be done before one can conclude that a deletion in this 
loop indeed makes lymphotoxin more TNF-like* not only in 
structure but also in activity. If confirmed, the receptor inter- 
action site of both molecules may have to be extended upward. 

Thus far, evidence for involvement in the active site of 
lymphotoxin only points towards residues 50 and 108 and, to 
a lesser extent, to positions 46, 107 and 158 (lymphotoxin 
numbering), since substitution at these sites caused a reduction 
in bioactivity, corresponding with decreased receptor binding 
(Goh and Porter, 1991, 1992). After superposition onto the TNF 
structure, these sites (29, 33, 86, 87 and 143 in TNF numbering) 
are indeed located in loop regions 29 - 36, 82 -91 and 143-148, 
lining the cleft between the two subunits. In contrast with TNF, 
however, alterations in neighbouring residues (amino acids 47, 
48, 49, 51, 105 106, 1C9 and 160; lymphotoxin numbering) did 
not affect bioactivity. Possibly, the active site of lymphotoxin 
is not as extended as it is in TNF. Alternatively, the active site 
region in TN^ could be more rigid, such that amino acid 
substitutions could more easily induce a conformational distortion, 
indirectly leading to loss of activitv. 

The ligand- receptor complex 

Not much has been published thus far regarding the 3-D structure 
of the two TNF receptors. Amino acid sequence comparison 
allowed a relationshio between the external parts of both 
molecules and those of the nerve growth factor receptor (NGF-R) 
to be established. Each contains three or four subdomains, 
characterized by a strongly conserved pattern of cysteine residues 
(Loetscher et al , 1990; Schali et al. , 1990; Smith et al , 1990). 
The fourth domain (most distal from the cell membrane) of TNF- 



R55 seems to be important, although not essential for TNF and 
lymphotoxin binding, but the first domain is highly necessary 
(Marsters et al , 1992). The fact that the overall charges of the 
ligand and of either receptor are opposite (negative and positive 
respectively) could be an indication of important electrostatic 
interactions. Since the active form of TNF and lymphotoxin is 
a trimer (Figure 4) (Arakawa and Yphantis, 1987; Smith and 
Baglioni, 1987; Wingfield et al, 1987; Lewit-Bentley et al, 
1988; Schoenfeld et al, 199 1), it follows that binding results 
in receptor clustering (Loetscher et al, 1991; Pennica et al, 
1992). For most if not all TNF activities, this process is sufficient 
for signal triggering, since monoclonal antibodies (especially 
IgM) against either of the two receptors were able to mimic TNF 
activities (Engelman et al. , 1990a; Espevik et al , 1990; Shalaby 
et al , 1990; Tartaglia et al , 1991 ; Tartaglia and G.^ddel, 1992; 
Vandenabeele etal, 1992). The complex, formed by tMe 
attachment of three TNF-R55 receptors to one lympnoi ;ym 
trimer, has a rod-like structure (Loetscher etal, 199T » id 
preliminary X-ray diffraction data indicate that the four ieceptor 
subdomains are aligned and interact with discrete regie s on the 
ligand, which points with its top towards the cell membrane 
(Banner etal, 1992). 

Has TNF other active centres? 

Interaction with membranes 

Thus far, it has been accepted that the active site of TNF was 
identical to the receptor binding site. Some claims, however, 
suggesting an additional function of the cytokine have been made. 
Dependent on lipid composition, TNF concentration and pH, 
association of TNF with or integration in artificial membranes 
was demonstrated (Baldwin etal, 1988; Debs etal, 1989; 
Roozemond et al, 1989). Moreover, high TNF concentrations 
at low pH values induce an increase in permeability of 
phospholipid vesicles (Oku et al , 1987), a process that can occur 
synergistically with interferon-7 (Yoshimura and Sone, 1987) and 
could be the result of integration of TNF into the membrane. 
In addition, Kagan et al (1992) showed that under approximately 
the same conditions, the conductance of planar phospholipid 
membranes increased, which was explained by assuming that 
Na + ions could pass the membrane by flowing through the 
central channel of inserted intact TNF trimer molecules. How 
this lipid penetration process take? place is still an open question, 
but the maintenance of bioactivity, together with decreasing 
immunoreactivity (Debs et al , 1989), increasing hydrophobicity 
(possibly by the surface exposure of the two tryptophan residues) 
and increasing sensitivity to endopeptidase C (Kagan et al , 1992) 
indicates that conformational rearrangements could occur. 
Lysosomal membranes are possible targets for this process since 
receptor-bound TNF becomes internalized and accumulates in 
the acidic environment of the lysosomes. It has been shown by 
Ohsawa and Natori (1988) that, after TNF treatment, only TNF- 
sensitive cells release a permeability-inducing activity for 
iiposomes in the medium. The authors proposed that a specific, 
TNF-degrading protease was present in these cells and that a 
resulting degradation product was detected in the medium. 
Finally, the peripheral localization and partial periplasmatic 
accumulation of TNF, after its expression in E.coli cells, has 
also been suggested as an argument for an interaction of TNF 
with membranes (Gase et al, 1991). 

One must, however, keep in mind that all well-characterized 
TNF mutants with reduced biological activity (cytotoxic as well 
as mitogenic and gene induction activities) show also a drop in 
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receptor affinity. Furthermore, since thus far there is no report 
in which a TNF biological effect could not be mimicked by 
agonistic monoclonal antireceptor antibodies, it may be concluded 
that, for all the major functions of TNF, receptor clustering 
explains fully the mechanism of action. However, the possibility 
that TNF membrane insertion could mediate an as yet 
undiscovered, biological function is not excluded. 

Lectin-like binding 

In addition to the properties mentioned above, TNF under acidic 
conditions also shows an affinity for high mannose-substituted 
glycoproteins (Moonen et al, 1988; Muchmore etal, 1990). 
It is not known whether this binding is biologically relevant. 

Activity of peptide fragments 

In analogy with the immunostimulatory activity of synthetic 
peptides from interleukin-1 (Antoni ex al , 1986; Mosley et al , 

1987) , a peptide stretch (positions 31 -68) of TNF showed some 
weak chemotactic stimulatory activity towards fibroblast cells 
(Postlethwaite and Syer, 1990), but was lO^foId less potent than 
wild type TNF. Despite this very low activity, it remains 
intriguing that the first part of this peptide (amino acids 3 1 - 53) 
shows a clear monocyte-stimulating activity (Steimer etal< 
1992), while the second part (positions 54-68) has some 
neutrophil-activating capacity (Rathjen et al , 1992). In addition, 
a cyclic hexapeptide, corresponding to amino acids 127- 132 of 
murine TNF, was reported to cause a very weak cytotoxicity 
towards several tumour cell lines (Sheh et al. , 1990). Obviously, 
in these cases the signal could not be transmitted through receptor 
clustering. Whether or not these observations are relevant to an 
understanding of the true in vivo mechanism of action of TNF 
remains to be proven. 

TNF hybrids 

The genetic coupling of lymphotoxin (mutant A 1-23) or TNF 
(mutant S5T + DIOR) mutants to interferon-7 (Feng eta!., 

1988) and thymosin-^ (Tsuji et al. , 1989) respectively, resulted 
in chimerae with an increased or unchanged cytotoxic activity 
in vitro respectively. The augmentation of cytotoxicity of the 
former construct possibly resulted from the synergistic effect, 
well known for these cytokines (Sugarman et al. ,1985; Fransen 
etal, 1986). The usefulness of the TNF/thymosin-04 
hybrid was further investigated in tumour-bearing mice (Noguchi 
etal, 1991). Also a chimeric human/mouse antitransferrin 
receptor antibody-Fab fragment was linked to human TNF and 
showed cytotoxic activity as well as transferrin receptor binding 
characteristics on tumour cell lines (Hoogenboom et al. , 
1991a, b). Although these constructs had apparendy retained 
immunoreactivity with at least some anti-TNF monoclonal 
antibodies, the actual oligomeric state of the TNF part remains 
to be elucidated and caution must be used in the interpretation 
of the activity data. More particularly, one wonders what kind 
of structure results from coupling the TNF polypeptide, which 
normally trimerizes, to an interferon-7 or an immunoglobulin 
heavy chain polypeptide, which normally dimerizes. Also 
immunogenicity of such chimerae would be a cause of concern. 

C nclusion 

At least part of the receptor binding site of TNF is located in 
the lower half of the conically shaped trimeric structure. This 
can be concluded not only from mutagenesis analysis, but also 
from deletion studies at the N- and C-terminal ends, blocking 
experiments with antibodies or carbohydrate groups and from 
comparison with the receptor binding sites of related viral coat 



proteins. Random and site-specific mutagenesis showed that 
amino acids involved in receptor binding of TNF, are located 
at each interface between two subunhs, particularly loops 29 -36, 
84-91 and 143-148. Consistent with these observations are the 
positions of the active site residues of lymphotoxin, since they 
c rrespond with the three loops in TNF after superposition of 
the two structures. The groove between the subunits is repeated 
three times in the TNF and lymphotoxin trimer. Hence, one TNF 
or lymphotoxin molecule has three receptor binding sites and acts 
by clustering three receptors, an event that is sufficient, at least 
for the large majority of TNF effects, to transmit the TNF signal. 
Also, TNF mutants that bind selectively to one of the two 
receptors have been developed. Considering that the intracellular 
domains of the two TNF receptors are totally unrelated and that 
the two receptors have a different cell distribution and regulation, 
these receptor-restricted TNF mutants offer the potential to 
uncouple several TNF-meoiated effects. More specifically, based 
on in vivo results in the murine system, one may hone that TNF 
mutants which only react with TNF-R55 would have retained 
the beneficial antitumour effects, but be at least partially dev id 
of in vivo deleterious effects. Detailed information at the atomic 
level regarding the interaction of TNF with either of its two 
receptors has yet to come from crystal structures of 
ligand- receptor complexes. This, together with further protein 
engineering, should permit an understanding of the fine details 
of TNF and lymphotoxin and their interactions with their two 
receptors. 
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factor (TNF)' 2 '*" 41 . This facior causes n .crosis of McthA(a) 
sarcoma in vivo : it is also active in causing lysis of murine L-929 
ceils in vitro* 2 - 19 . TNF activity on L 929 ceils is not inhibited 
by neuiralizing antibodies specific for lymphotoxin '\jtowever, 
and appears to have distinct bipchemica[ properties • JFup 
"thermoTclhe fymphotoxin cDNA probe faffed fo hybridize on 
Northern blots to mRN A from induced macrophages producing 
cytolytic activity (Fig. 2). The isolation of a TNF cDNA clone 
further demonstrates tha; lytnphotoxin and TNF are distinct 
molecules (see accompanying article 42 ). 

A cytolytic factor derived from B-cell lines which displays if. 
vitro and in vivo anticellular activity has been described 43 ; this 
has been designated 'tumour necrosis factor' based on its activity 
in the MethA sarcoma assay. This activity probably results from 
lymphotoxin, however, because it has similar biological 
activities, biochemical properties and is made by the cell line 
(RPMM788) used in this study for the purification of lym- 
photoxin. Natural killer cells also can be induced to secrete an 
anticellular factor 44 * 4 '. The lymphotoxin gene probe and lym- 
photoxin-specific antibodies will be useful in determining the 

Received 20 August, accepted 9 November 1984. 
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relationship of this natural killer cell cytotoxic factor to lym- 
photoxin. 

Lymphotoxin has been reported to act synergistically with 
a- interferon 46 and y- interferon 13,16,47 in vitro and in vivo. The 
potent ant i tum our a ctivity oj^ jy - interferon or lymphotoxin in 
fiatu * *i r preparations may"£e a result of the synergistic activity 
when both lymphokines are present 13 . The ready availability of 
lymphotoxin produced via recombinant methods will aid the 
biological characterization of this anticellular lymphokine. It 
vill also help to define the antitumour mechanism of lym- 
photoxin, as well as its role in vivo in the regulation of the 
immune system and its interaction with other lymphokines. 
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Human tumour necrosis factor has about 30% homology in its amino acid sequence with lymphotoxin^ a lymphokine that 
has similar biological properties. Recombinant tumour necrosis factor can be obtained by expression of its complementary 
DNA in Escherichia coli and induces the haemorrhagic necrosis of transplanted methykholanthrene-mduced sarcomas 
in syngeneic mice. 



Tumour necrosis factor (TNF) has been associated with in 
vitro and in vivo killing of tumour cells. This activity was 
discovered originally in the sera of mice and rabbits injected 
first with Mycobacterium bovis arain bacillus Calmette-Guerin 
fBCGl or other immunostimulatory agents, and subsequently 



with endotoxin 1 \ Serum from such animals causes haemor- 
rhagic necrosis and in some cases complete regression of certain 
transplanted tumours in mice 1,2 . TNF-like activity has also been 
detected in the media of BCG/endotoxin-induced monocyte 
cultures (reviewed in ref. 2) and mitogen-stimutated peripheral 
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Table 1 Human TNF production by various cell populations and cell 
lines 
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Fig. 1 TNF cDNA sequences and predicted amino acid sequence, 
a, Schematic representation of human TNF cDN A clones. Overlap- 
ping clones A42-4 and A 16-4 used in sequence determination and 
a schen.itic diagram of the complete cDNA structure are shown. 
Line, untranslated sequences; boxes, coding sequences; white por- 
tion, sequences encoding the signal peptide; shaded regions code 
for mature TNF. The black box on the 3' end of clone A 16-4 
indicates that this clone was obtained by specific priming. ft, 
Nucleotide sequence and deduced amino acid sequence of human 
TNF cDNA. Numbers above each line refer to amino acid positions 
and numbers below each line refer to nucleotide positions. The 
amino acid labelled l represents the first amino acid of mature 
TNF 16 . The 76 amino acids preceding this position are indicated 
by lower case lettering. Sequence underlined indicates the poly- 
adenylation recognition site . 

Methods: a, Total RNA was extracted 20 from HL-60 cultures 4 h 
after PMA induction and poly(A)*containing RNA was purified 
on oligo(dT)-cellulose 43 . Double-stranded cDNA was prepared by 
oligo(dT) priming 19 using 7.5 u.g mRNA at id fractionated on a 6% 
polyacrylamide gel. 700 ng cDNA >600 b;> was recovered by elec- 
troelution. Synthetic EcoRl adaptors 44 wero ligated to 20 ng cDNA 
before ligating into AgtlO (ref. 26). 200,000 cDNA clones were 
obtain* d. The same cond) lions were used to prepare a specifically- 
primed cDNA library of 200,000 clones using as primer the 
hexadecanucleotide dTGGATGTTCGTCCTCC (complementary 

uj nut icotiuci naquc »uccimig , c-i «uiOi«iuciiing oi 

synthetic 42-mcr probe" and hybridizations 22 were performed b, 
DN;. sequencing was performed by the dideoxynucleotide chain 
termination procedure"* 6 " 4 *. The cDNA insert of A42-4 consists of 
nucleotides 337-1643 and the cDNA insert of A16-4 consists of 
nucleotides 1-870. 

blood leukocytes (PBLs) 3 . 

TNF activity is cytolytic or cytostatic against many transfor- 
med cell lines in vitro without obvious species specificity, yet 
has no known effect on normal mouse embryo fibroblasts or 
non-transformed cell lines 1 ' 2,4 8 . Activated macrophages may 
constitute the major cellular origin of TNF 1 5,9,1 °, providing an 
important criterion for distinguishing this factor from the lym- 
phoid cell-derived cytotoxin, iymphotoxin". The primary struc- 
ture of lymphotoxin was determined recently by protein 
sequencing 12 and complementary DNA cloning (see accom- 
panying article 13 ). 
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PBLs were obtained from plateletpheresis residues (Boston Red 
Cross) by Ficoll-Hypaque centrifugation 3 . Separation of PBLs into 
adherent and non-adherent populations was performed as described 
previously 41 . HL-60 (CCL240) and b-vJ7 cell lines (CRL 1593) were 
obtained from the American Type Culture Collection. Cells were suspen- 
ded at 5xl0 6 cells ml 1 in RPMI 1640 media containing 10% fetal 
bovine serum. Cultures were induced with one or more of the following 
agents: 2 x10 s organisms per ml of BCG (Calbiochem-Behring), 
20ugrar' Salmonella typhimurium lipopolysaccharide (LPS, Sigma), 
1 M-gml 1 staphylococcal enterotoxin B (SEB, Sigma), 1 ugml~ T thy- 
mosin Qi (Ta,) 42 and lOngm] -1 PMA (P-L Biochemicals). Cell-free 
supernatants were collected 24 h after induction except for the 
BCG/LPS and BCG/LPS/PMA treatments; for these two inductions a 
24-h BCG stimulation was followed by an additional 24-h tieatment 
with LPS and LPS/ PMA, respectively. Samples were assayed for 
cytolytic activity on mouse L-929 fibroblasts as described previously 11 . 
The activities shown represent TNF-specific or lymphotoxin-spedfic 
units as determined after antibody neutralization at 4 "C for 4 h before 
assay. The units indicated were obtained from one representative donor 
in the case of the PBLs and from a single experiment when cell lines 
were used. Rabbit anti-human TNF antiserum was prepared against 
partially purified TNF from PBLs (L. Svedersky and T. Bringman, 
unpublished results). Rabbit anti-human lymphotoxin antiserum was 
prepared against purified human lymphotoxin from RPMI 1788 lym- 
phoblastoid cells 11 . 



Here we identify a cell line with monocyte-Hke characteristics 
providing a source for human TNF and its messenger RNA. 
cDNA clones were isolated that encode a polypeptide related 
structurally to lymphotoxin. This cDNA was engineered to direct 
the synthesis of a relative molecular mass (A# r ) 17,000 protein 
in £ coli with the immunological characteristics as well as in 
vitro and in vivo biological properties of natural human TNF. 

A human TNF-producing cell line 

We isolated PBLs by Ficoll-Hypaque density centrifugation and 
fractionated them into adherent monocytic and non-adherent 
lymphocytic fractions. After stimulation with BCG and 
endotoxin (lipopolysaccharide, LPS), we detected an activity 
cytotoxic to murine L-929 cells in the culture media of unfrac- 
tionated mononuclear cells and monocytes (Table I). No 
cytotoxic activity was produced by the non-adherent cells fol- 
lowing the same BCG/LPS induction procedure. The failure of 
rabbit anti-human lymphotoxin antibodies to neutralize the 
cytotoxic activity demonstrates its difference from lymphotoxin. 
Moreover, the results of previous in vivo studies using BCG/LPS 
induction procedures 1,2 demonstrate that the activity can prob- 
ably be attributed to TNF. Antiserum raised against partially 
purified PBL-produced TNF completely neutralized this activity 
(Table 1). 
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Fig. 2 Construction of a plasmid codinj^or 
the direct expression of mature human THsF in 
E. cob. The recombinant phage A42-4 (10u,g) 
wa, digested with EroRl and the 800-bp frag- 
ment containing the entire TNF cod«ng region 

wajUs o| 3& d ~T^^ — 

Hindi I J gave a 578-bp fragment coding for 
amino acids 8-157. Two synthetic complemen- 
tary deoxyoligonucleotitW 7 , 5'-dClAGAAT- 
T ATGGT ACGTTCTTC TTCTCGT ACT and 
5 -dTCGG AGTACG AG AAG AAG AAC GTA- 
C CAT A AT, were designed to code for amino 
acids 1*7 of TNF, preceded by an ATG transna- 
tional initiation codon, and to contain an Xbal 
cohesive terminus. The choice of codons for the 
first six amino acids of TNF was based on E 
coti codon usage preferences 44 . An A ATT 
sequence was incorporated upstream of the 
ATG to maximize expression by giving optimal 
spacing between the initiation codon and the 
np leader Shine Daigarno sequence*'. The 
pBR322-derived pfasmid ptrpETA M was 
cleaved with Hindi II and Xba\ and the large 

fragment recovered by electrocution. The Ava\-Hin6\\\ fragment and the two synthetic deoxyoligonucleotides wrre inserted into the plasmid 
pTNFtrp expression vector to give the plasmid pTNFtrp. The methods used to assemble the fragments and verify the construction of pTNFtrp 
have been described previously' 920 . E. coti W3I 10/pTNFtrp was grown in M9 medium containing 5u>gml' tetracycline to 0.2 4„ 0 units. 
Indole acrylic acid was added to a concentration o r 20u.gml _1 . The cells were collected at A 550 = 1.0 and washed with cold PBS. The final 
cell pellet was resuspended in I ml PBS, sonicated on ice for 30 s and the resulting extract diluted in PBS for assay on L-929 cells". 




Yields of adherent cells from peripheral blood were low and 
the levels of TNF produced were variable and donor-dependent ; 
we therefore tested alternative induction schemes for the produc- 
tion of TNF from total PBLs (Table 1 ). An increase in cytotoxic 
activity was observed when the PBLs were co-stimulated with 
Staphylococcus enterotoxin B, desacetyl-thymosin-or, and the 
tumour-promoting agent 40- phorbol 120-myristate 13a-acetate 
(PMA). However, antibody neutralization experiments demon- 
strated that a significant portion of measured activity was lym- 
photoxin. Therefore, we screened a number of transformed cell 
lines of haematopoietic origin for their ability to synthesize 
TNF. Activity which could be neutralized by anti-TNF anti- 
serum was detected following PMA treatment in two monocyte- 
like cell lines, HL-60, derived from a promyelocyte leukaemia' 4 , 
and U-937, derived from a histiocytic lymphoma" ^ Table I). 
The HL-60 cell line consistently produced higher TNF titres 
(300-400 U mP 1 24 h after induction) than the U-937 cell line 
\ < 100 U ml" 1 ). A time course of TNF synthesis by HL-60 cul- 
tures indicated that measurable activ , was detected 2h after 
PMA treatment (data not shown). Tne;et >re the HL-60 cell line 
was selected for future experiments; super latants were collected 
16-24 h after induction for protein purification and 4-h induc- 
tions were used when cells were collected for RNA isolation. 

TNF cDNA clone identification 

Human TNF was purified to homogeneity from filtrates of 
PMA-stimulated HL-60 cell cultures (see ref. 16). A single 
component of 7v/ r 17,000 was observed when the pun tie a I NF 
was analysed by SDS-gel electrophoresis in reducing conditions. 
To obtain amino acid sequence information, iryptic peptides of 
TNF were prepared and separated by reverse-phase HPLC. 

The preliminary sequence Glu Thr-Pro-Glu-Gly-Ala-Glu- 
Ala-Lys-Pro-Trp-Tyr-Glu-Lys was determined for the first tryp- 
tic fragment (TD-6) analysed. A single synthetic 42-base long 
deoxyoligonucleotide (42-mer) which could code for this amino 
acid sequence was chemical ly synthesized 1 7 for use as a hybridiz- 
ation probe. The design of the probe sequence (dG AAACCCCT- 
GAAGGGGCTGAAGCCAAGCCCTGGTATGAAAAG) was 
based on published human codon usage frequencies * and the 
codon bias of human y- interferon 1 '\ tissue-type plasminogen 
activator" and lymphotoxin' 1 . The general usefulness of this 
'long probe' approach has been demonstrated recently by the 
identification of several deed genomic DNA sequences'* ' 
and cDNAs :4,: \ 



An oligo(dT)-primed HL-60 cDN A library of -200,000 clones 
prepared in AgtIO (ref. 26) was screened with the 32 P-labelled 
42-mer. The nine distinct phage which gave positive signals with 
this probe were hybridized with 'induced' and 'non-induced* 
12 P-labelled cDNA probes 19 prepared using poly(A) mRNA 
obtained from 4-h PMA-treated and untreated HL-60 cultures, 
respectively. Seven of these recombinant phage DNAs hybrid- 
ized weakly to the induced probe but did not hybridize to the 
uninduced probe, as expected for authentic TNF cDNAs. 
Restriction endonuclease mapping indicated that these seven 
cDNA clones were related to each other and that the phage 
A42-4 contained the longest cDNA insert. 

TNF cDNA sequence 

We determined the sequence of the 1,300 base pair (bp) cDNA 
insert of phage A 42-4 ( nucleotides 337- 1 ,643 ; Fig. 1 ). Alignment 
of the cDNA sequence with the 42-mer probe sequence gave 
the proper reading frame of the cDNA and demonstrated that 
it did indeed encode TNF. Of the 14 amino acids (residues 
104-1 17, Fig. I ) assigned to tryptic peptide TD-6 on the basis 
of preliminary protein sequence, 13 were correct; the only dis- 
crepancy was in the last amino acid (position 117) where the 
cDN A sequence encodes a proline residue rather than the pre- 
dicted lysine. Despite this difference, the hybridization of the 
synthetic probe to the TNF cDNA clone was *uccess r ul, as the 
42-mer matched the cDNA sequence in 34 of the first 38 posi- 
tior including a stretch of 17 consecutive homologous nucleo- 
tide^ (nucleotides 71 1-727; Fig. 1). 

The assignment of valine (residue I, Fig. I ) as the first residue 
of mature TNF was based on NH r terminal protein sequence 
analysis of the intact molecule ( Val-Arg-Ser-Ser-Ser- - -)' 6 . There 
are 156 amino acids encoded after this valine before an in-phase 
termination codon occurs. The coding region of TNF is followed 
by 792 nucleotides of 3' untranslated sequence containing the 
hexanucleotide AATAAA (position 1,630-1,635) whtoi pre- 
cedes the site of polyadenylation in most eukaryotic mRNAs 27 . 

Additional confirmation that this sequence codes for TNF 
was obtained by determining the amino acid sequence of nine 
tryptic peptides of natural HL-60 TNF and several peptides 
generated by digestion with S. aureus V8 protease and chy- 
motrypsin lft . The M T of 17,356 calculated for the mature TNF 
monomer from the cDNA sequence agrees closely with the value 
obtained for natural TNF by SDS-polyacrylamide gel elec- 
trophoresis a;id amino acid composition 16 . These results and 
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Table 2 Necrosis of MethA sarcoma in vivo by TNF 



727 





++ + 


_ Treatment 




PBS, i.l. "* 


0 


PBS, i.p. 


0 


PBS, i,m. 


0 


£ coli LPS. i.l. 


0 


HL-60 TNF, i.l. 


5 


rTNF, i.l. 


7 


rTNF, i.p 


2 


rTNF, i.m. 


2 



Necrotic response 
+ + + 
No. of mice 

I 

0 
0 



9 
4 
4 
9 
0 
0 
0 
0 



e t 



5x ( |n^ L R B A / i C ^ 5 » L i 6 i F ' female miCC WCfe injcclcd int «derma]]y with 
5x10 BALB/c MethA sarcoma cells. Ten days later, the tumours 
(U./5 cm average diameter) were injected intralesional/y {i I I x(0 5 UJ 
inlrapentoneally (i.p., 5x|0> U) or intramuscularly (i.m, 5xio 5 U) with 
TNF in a total volume of 0.1 ml PBS. At 24 h after TNF treatment the 
tumours were excised, sectioned and scored for haemorrhagic nvcmw 
by visual and histological examination as described previously' In the 
maximum response (+++) 50-75% of the tumour mass is markedly 
necrotic after 24 h; ++ denotes a moderate response, that is 25-50% 
naemorrhagic necrosis; +, a minimal response of <25% haemorrhaaic 
necrosis; tumours showed no visible necrosis. Natural TNF was 
tw ? -rSST HL 6 ° ? llUreS aS described elsewhere 1 * Recombinant 
lofJ ^ F) WaS .P Urificd fr0 ™ £ WMO/pTORrp to a purity of 
>95% and a specific activity of -10" units mg ' <T. Bringman, unpub- 
lisned results). r 

the absence of any potential N-glycosylation sites in the deduced 
amino acid sequence suggest that TNF is not a glycoprotein 
These data suggest also that TNF may occur naturally in multi- 
menc form, as the M r estimated previously for human TNF 
ranged from 34,000-140,000 (refs 6, 28). There are two cysteine 
residues (positions 69 and 101) in TNF which are probably 
involved in a single intramolecular disulphide bond 16 

The cDNA clone A 42-4 contains the entire coding region of 
mature TNF but lacks a complete signal peptide coding sequence 
and initiation codon. To obtain the missing sequence informa- 
tion, a specifically-primed cDNA library was prepared (see Fig 
I legend) and screened with the 3: P-labelled A42-4 cDNA insert* 
A cDNA clone (A16-4) was identified which contained an insert 
extending 337 bp further 5' than the A42-4 insert (Fig 1 ) 

From an analysis of the TNF cDNA sequence, it seems that 

™~ V iymheS,zed initiaily as P art of a ,ar « er Precursor (pre- 
Starting at the 5* end of the cDNA, 125 nucleotides of 
non-translated sequence are followed by a methionine codon 
and an open reading frame of 233 amino acids. This AUG is 
preceded by termination codons in all three frames, suggesting 
that it is the initiation codon. Furthermore, the sequence context 
of this AUG conforms closely to the CC*CCAUGG proposed 29 
as a consensus sequence for eukaryotic initiator sites. 

The presequence of 76 residues is most probably involved in 
the secretion of TNF as it is not observed on the mature TNF 
polypeptide and contains an unusually long hydrophobic region 
of 26 amino acids (residues -46 to -21). Typically signal 
peptides involved in protein secretion are only 20-3C amino 
acids long • However, a signal sequence for the Rous sarcoma 
vims envelope glycoprotein 12 is atypically long (63 residues) 
and contains also many charged amino acids at its amino ter- 
minus, such as pre-TNF. It is interesting to note the presence 
of Arg-Arg and Lys-Lys dipepttdes in the first 30 amino acids 
of the TNF pre sequence, as pairs of basic amino acids often 
serve as cleavage sites for the release of physiologically-impor- 
tant peptides from precursor molecules 33 

We used the 3 2 P- label led A42-4 cDNA insert to examine TNF 
gene structure and mRNA size. Results from Southern" 
hybridizations indicate that only a single gene for TNF is present 
in the human genome. Northern hybridization analysis 3 " shows 

s V gle mRNA species ^ l8S in sizc is synthesized in 
PMA-induced HL-60 cultures and BCG/LPS-treated 
macrophages isolated from human PBLs. This provides addi- 
tional evidence that the same cytotoxin is produced from both 





21 5 



14 4 




Fig 3 SDS-polyacrylamide gel electrophoresis of human TNF 
synthesized in E coli £ coli k-12 strain W31 10, transformed with 
pTNFtrp or pBR322, was grown in M9 medium contain.ng 
5 u.g ml tetracycline. Cells were collected, iysed in 2% SOS I % 
0-mercaptoethanol and precipitated with 10 volumes of cold 
acetone. Samples were electrophorcsed on a 12.5% SDS-polyacryl- 
amide slab gel using the buffer system of Maizels 5 - and the gel 
stained with Coomassie brilliant blue. The left lane contains protein 
M standards (x|0 j: phosphorylase b f92,500), bovine serum 
?!,™? (< *' 200 >' ovalbumin (45.000), carbonic anhydrase 
3 1,000), soybean trypsin inhibitor f?l .SOO) and lysozyme ( 14 500) 
Lanes a,/, cell lysates of £. coli W3I IO/pBR322; lanes b e cell 
£0? °f £ C fr W3 1 ,0 'P TNFlr P; l«"e C Partially purified human 

coh W3ll0/pTNFtrp cell lysate and the HL60-derived, purified 
TNF. 



cell sources and suggests that the TNF cDNA sequence shown 
in Fig. I represents a nearly full-length copy of TNF mRNA 
No hybridization was detected to mRNA isolated from unin- 
duced cultures (data not shown). 

TNF synthesis in E. coli 

Proof that the cDNA described here encodes TNF requires the 
demonstration that it can direct the synthesis of a gene product 
with the properties of authentic human TNF. To allow charac- 
terization of the protein encoded by the cloned cDNA we 
engineered the TNF cDNA sequence for direct expression in 
E. coli (Fig. 2). In the resulting expression piasmid, pTNFtrp, 
the TNF DNA sequence is under the transcriptional control of 
a 300-bp DNA fragment of the E coli irp operon containing 
the trp promoter, operator and Shine- Dalgarno sequence of the 
trp leader peptide. 

Total extracts of E coli K-12 strain W31 10 transformed with 
pTNFtrp contained a prominent polypeptide with an apparent 
M r 17,000 (Fig. 3, lanes fe, e ). This protein is not visible in cells 
transformed with pBR322 (lanes a,/), strong evidence that it 
represents the translationai product of the TNFcDNA sequence. 
Furthermore, this protein co-migrates with authentic TNF (lane 
c) isolated from the HL-60 cell line (lane d) y suggesting that 
no significant post-translational processing of TNF occurs in 
the HL-60 cell line This is unlike lymphotoxin and y-interferon, 
both of which occur naturally as heterogeneous glycoproteins 
as a consequence of N-terminal'- and C-te^m^na^ ,, proteolysis, 
respectively. 
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Fig. 4 Comparison of the amino acid sequence of human TNF 
with human lymphotoxin 12 ' 13 . The sequences have been aligned 
to give maximal homology by introducing two gaps (indicated by 
dashed lines) into the lymphotoxin sequence. Identical amino acids 
are boxed. The numbers above each row (1-157) and below each 
row (1-171) indicate the amino acids of mature TNF and lym- 
photoxin (LT), respectively. 

Verification of the bacterial production of biologically-active 
TNF was obtained by assaying extracts of B. coli 
W3110/pTNFtrp for cytolytic activity in the murine L-929 
fibroblast assay". Approximately 300,000 units of activity were 
detected per ml of culture at A^= I, whereas no activity was 
observed in £ coli W31 10/pBR322 controls. This corresponds 
to -3mg of active TNF per I (A 550 =l) or about 300,000 
molecules of active TNF per cell if a specific activity of 10 s 
units mg~' (ref. 16) is assumed. The activity was neutralized by 
antiserum prepared against partially purified PBL-derived TNF, 
but was not neutralized by preimmune serum or rabbit anti- 
human lymphotoxin antibodies (data not shown). 

In vivo necrosis activity 

TNF is generally defined as a cytotoxin released by BCG/LPS- 
treated macrophages which induces the haemorrhagic necrosis 
of methylcholanthrene-induced (MethA) sarcomas in BALB/c 
mice 1 *". Therefore, we examined recombinant human INF 
purified from £ coli and natural human TNF from PMA- 
tnduced HL-60 cultures for in vivo tumour necrosis activity in 
the Meth A ajiav'; Built n-Combiuaui <*uu n<ftoraI TNF vanrpfcs 
elicited significant necrotic responses, regardless of whether the 
TNF was injected intralesionally or systemically (Table 2). 
Minimal or no necrosis of the MethA sarcoma tumours wa^ 
observed in mice injected with either phosphate-buffered saline 
(PBS) or 100 u.g £ coli LPS. These results, taken with the 
antibody neutralization and Northern hybridization data, pro- 
vide further evidence that the cytotoxin described here is human 
TNF. 

Homology to lymphotoxin 

The known in vivo and in vitro biological activities of TNF and 
lymphotoxin are very similar 113 . TNF and lymphotoxin are 
now known to be antigenically distinct molecules . It has thus 
become common to distinguish these two lymphokines on the 
basis cf the cell populations responsible for their synthesis. We 
have compared the amino acid sequences of h»iman TNF and 



lymphotoxin to determine whether the similarities in their bio- 
logical properties might be attributed to common structural 
features (Fig. 4), By introducing two gaps, the lymphotoxin 
sequence can be aligned with the TNF sequence so that distinct 
homologies are apparent; we find 44 of the 157 TNF residues 

with many of the remaining differences between the two poly- 
peptides resulting from conservative amino acid changes. The 
nucleotide homology over this coding region is 46% (data not 
shown). Two particularly conserved regions occur at amino 
acids 35-66 and 110-133 (TNF numbering) where 50% of the 
residues (28 of 56) are identical for TNF and lymphotoxin. The 
hydrophobic carboxy-termini of the two molecules are also 
significantly conserved. It is probable that the conserved regions 
are crucial to the shared cytotoxic activities of TNF and lym- 
photoxin, perhaps through interaction with a common receptor 
expressed on the surface of transformed cells. Support for this 
hypothesis is provided by the lack of cytotoxic activity in a 
truncated lymphotoxin polypeptide lacking its last 16 amino 
acids' 3 . 

Lymphotoxin has 18 more NH r terminal amino acids than 
TNF (Fig. 4), suggesting that this region is not required for 
cytotoxic activity. In fact, a 148 residue lymphotoxin, consisting 
of amino acids 24-171 of mature lymphotoxin, and having 
similar cytotoxic effects on L-929 cells, has been isolated from 
the RPMM788 cell line 1112 . It is also interesting that amino 
acids 67-109 of TNF are unrelated to the corresponding region 
of lymphotoxin; only two of 43 residues are identical. This 
region includes all of the amino acids spanned by the Cys 69-Cys 
101 disulphide bridge of TNF. One possible role for this non- 
conserved region could be to position correctly the two sur- 
rounding homologous regions in a conformation essentia) for 
cytotoxic activity. Such positioning, which could be achieved 
by a TNF disulphide bond, may require a very different sequence 
of amino acids in lymphotoxin, where no disulphide bond exists. 
These apparently unrelated regions of TNF and lymphotoxin 
might specify also as yet undiscovered differences in biological 
activities and/or target sites between the two molecules. The 
availability of efficient expression systems for TNF and lyr - 
photoxin 13 , in combination with the techniques of site-directed 
mutagenesis 40 , will make it possible to address questions of this 
type directly. 
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cates this work to the late Jack L. Levenson. 

Recfi" ed 20 August: accepted 9 November 1984 

1 ;arw:lt. E A et at Pnx «am. Acad. Scl USA, 72, 3*66-3670 t 

2 i'uH. M rv A Gifford. G E in Lymphnkinn Vol 2 led Pick. E l 235-275 ( Academic. New 

Yori, 1 9b; : 

2 Stone Wolll. D. S. rial J. txp A'.v* 159,S2S-84> U9S4> 

4 nelson, i- . vireen, ,v, * jrs*»cn, c m v^iti, l j >Miiirr Zbo, mi-'?. » ) > 

5 Matlhewj. N ft Watltms, J F Br I Cancer 38, 302-309 H97JO 

6 Matthews, N. Immunohftv 44, 135 142(1981) 

7 Ruff. M. R A GiHord. G E Infttt Immun 31, 380-385 ( 1981 ) 
8. Grttn. S el al Ptw nam Amd. «ct U.S. A 73, 3*1- 385 ( 1976) 

9 Hoflnun. M K .Oecigen, H F , Old. L J , Miltler. R S & Hammerltng. U / reitmherutoihel 

Soc 23. 307-319 1 1978 » 
10. Minnel, O N . Moore, R N 4 Mergenhagen, S E infect, tmmun. 30, 523-530 ( 19«0) 

11 Aggarw-i, B B . Mortal. D A Harkins. R N / tool Chem. 259.686 691 <I984> 

12 AggarwaL B B , HenzeL W J . Mortal, B., Kohr. W J A Harkins. R N / h,ot Chem (in 

the press) 

13 Gray, P W et al Nature 312. 721-724 ( 15841 

14 Coilins. S J , Gallo. R C A Gallagher. R E Nature 170, 341-349 1 \W\ 

15 Sundstrom. C. A NiKson. K Int J Cancer 17, 565-577 ( 1976) 
16. Aggarwal, 0 B et at J. htaL Chem. (in (he press) 

17 Matteucci, M A Carulhers. M H / Am. chem. Soc 183. 3185-3190 ( 1981 1 

18 Graniliam, R., Gaulier. C . Gouy, M . Jaccozone. M A Mercier, R Nucleic Actd* Re% 9, 

r4J-73<t98H 

19 Gray. P W rr at Naturr 295. 503-508 ( 1982) 

20 Pennica, D. et al Nature 301. 214-221 (1983) 

21 Anderson, S A Kingston. I. B. Ptoc nam Atad Sri. U.S. A. M, 6838 6842 ( 19*3) 

22 Ullrich, A , Berman, C. H , Pull, T J , Gray. A A Lee, J M F * f flO J 3, 36 1 - 364 ( 1 984 ) 

23 Der^nck. R , Roberts, A B .. Winkler. M E , Chen, E. Y. A Goeddel. D V Cell 3* 287-297 

■1984) 



NATURE VOL. 312 20/27 DECEMBER 1984 



-ARTICLES 



24. Jay*. M. et al Nucleic Acids Res. II, 2325-2335 ( 1983). 

25. Ullrich. A. et al Nature 3W, 418-425 (1984). 

26 Huynh. T. V„ Young. R A 4 Dtvii, R W in DNA Cloning Techniques: A Practical 
Approach (ed. Glover, D.) (IRL. (Word, in ihe press) 

27. Proudfcxrt. N. J A Brownlec. G. G Nature 163, 2 II -2 14 (1976) 

28. Ntwen-Meyere, 1. h Hammcrsirom, J. Infect, /mmun. 38, 67-73 (19821. 
29 Kozak. M. Nature 38t, 241-246 (1984). 

Tl Wauon. M. E^VT&lr* Ar£b l£ 5145-516471984) **' 

32 Hunter, h. et ai J. Virol 46, 920-936 (19831 

33 Nakanishi. S. et al Nature 271, 423-427 (1979) 

34 Nod a, M. et at Nature 295, 202-206 (1982) 
35. Gubltr. U. cf al. Nature 195. 206-208 ( 1982 >. 

36 Amara. li. G.. Jonas. V.. Rosenfeld. M. G . Ong. E. S & Evans. R M. Nature 29$. 240-244 

(1982). 

37 Southern. E M / molec. Biol W, 503-517 ( 1975) 



38. Thomw. P. S. Proc ruin. Acad. So. U.S. A 77, 520 J -5205 ( 1980). 

39 Rindertnechl, O'Connor. 8. H. A Rodriquez, H J. btol Chem. 299. 6790-6797 ( 1984) 

40 Zollcf, M J. A Smith, M. Metk tnzynv 10S, 468-500 (1983) 

41 Kun*t»'. Uoh. K., Hinunu. S. A Tapa. M. J unman. Meth. 29. 17-25 ( I979| 

42 Wetzel, R. et al Biochemistry 19, 6096-6104 < 1980). 

43 Aviv, H. A Leder, P. Proc nam Acad. Set U.S.A, 4», 1408-1412 (197? i 
44. Wood. W. I. et ai. Nature 312. 330-337 ( 1984). 

4< BgTitcn W D * Davis. R W Scienre 196,- ISO- 152 ( 1977) 

46!"s«J|erT F 7 Nicklen. S. A Coulson. A. R. Proc nam Acad Sn U S A. 74, 5463-5467 
(1977 1. 

47. Messing, J. A Vieira, J. Gene |9, 269-276 i 1982). 

48 Messing, J . C rea. R A Seeburg, P. H Nude* Acids Res. 9, J09 321 ( 1981 ) 

49. Gro*)can, H. A Rer^, W. Gen* 18. 199-209 (19821. 

50. Sbepard. H. M . Yclvenon. E. A Gocddcl. D. V. DMA 1. 125-131 11982) 

51. Gray, G. L et al Proc nam. Acad Set U S A ||, 2645-2649 < 19841 

52. Maiiels, M Nature 249. 647 (1974) 



Tissue-specific generation of two preprotachykinin 
mRNAs from one gene by alternative RNA splicing 

Hiroyuki Nawa, Hirokazu Kotani & Shigetada Nakanishi 

Institute for Immunology, Kyoto University Faculty of Medicine, Kyoto 606, Japan 

A novel mammalian neuropeptide, the tachykinin substance K. is specified by a discrete genomic segment. Alternative 
RNA splicing generates two distinct mRNAs encoding the neuropeptide substance P alone or with substance K jrom a 
single preprotachykinin gene. Relative amounts of the mRNAs vary in different tissues, suggesting that the substance 
K -encoding sequence is regulated in a tissue -specific manner. 



Substance P is one of the best characterized neuropeptides 
in mammalian tissues; several lines of evidence suggest that ii 
acts as a neurotransmitter or neuromodulator in primary sensory 
neurones'. Substance P belongs to a family of related peptides, 
the tachykinins, and is thought to be the only member of this 
family present in mammalian tissues*. Recently, we elucidated 
the entire primary structures of two types of bovine brain subst- 
ance P precursors (a- and 0-preprotachykinins) by determining 
their cloned cDNA sequences 3 . 0- Preprotachykinin (0-PPT) 
contains not only the substance P sequence but also a novel 
tachykinin sequence designated substance K, whereas a -prepro- 
tachykinin (a -PPT) lacks the latter sequence, containing only 
substance P. The decapeptide substance K has been found 
independently as neurokinin a, a gut-contracting peptide in 
porcine spinai cord 1 . The chemically synthesized substance K 
peptide possesses biological activities characteristic of the 
tachykinin family, but is considerably more potent than sub- 
stance P in some pharmacological tests 5,6 . Substance K thus 
represents a second type of mammalian tachykinin which may 
have a physiological role different from rhat of substance P in 
mammalian organisms. 

The two PPT mRNAs exhibit an interesting structural relation- 
ship. They have complete identity in their 5' and 3' sequences 
and differ only in the insertion/deletion of the sequence coding 

relationship poses intriguing questions about the gene organiz- 
ation for these two mRNAs and the regulation for the generation 
of the two biologically different mammalian tachykinins. Our 
present investigations thus concern the structural organization 
of the PPT gene and the distribution and regulation of the two 
PPT mRNAs in the nervous system and peripheral tissues. We 
report here that the sequence specifying the substance K region 
is encoded by a discrete genomic segment, and that both a- and 
0-PPT mRNAs arise from a single gene by alternative RNA 
splicing events. We also present evidence indicating the tissue- 
specific regulation of the PPT gene for the differential generation 
of the two PPT mRNAs. 

PPT gene organization 

Genomic clones containing the hovine preprotachykinin gene 
were isolated from a bovine genomic library by hybridization 



in situ with a bovine fi-PFT cDNA probe, and all the isolated 
genomic DNA fragments were arranged into an approximately 
36 kilobase-pair {kbp) length of a continuous genomic DNA 
(Fig. la; see Fig. I legend for experimental details of cloning). 
Nucleotide sequence analysis was performed on DNA fragments 
containing exons and their surrounding regions (Fig. I b-f). 
Comparison of the genomic DNA sequence with the cDNA 
sequence enabled us to construct a structural organization of 
the bovine PPT gene (Fig. Ig). intron A (403 base pairs, bp) is 
inserted within the segment encoding the 5'-untranslated region 
of the mRNA, 9- 10 bp upstream from the translationai initiation 
site. Introns B (-l.Okbp), C (-450bp), D (~460bp), E 
(~ 1. 4 kbp) and F (-3.6 kbp) all interrupt the protein-encoding 
region of the gene. The sequences at the exon-intron boundaries 
are consistent with the splice function sequences observed for 
other genes 7 . Exons 2-7 consist of 1 32, 97, 45, 24, 54 and 596 bp f 
each encoding the protein sequence corresponding to the signal 
peptide, substance P, two spacer sequences, substance K, and 
the C-terminal sequence, respectively. It is remarkable that exon 
6 precisely specifies the substance K region missing in a-PPT, 
Because blot-hybridization analysis of total cellular DNAs (data 
not shown) as well as the genomic cloning described above 
showed that no more than one PPT gene is present in the bovine 
genome, we conclude that both a- and 0-PPT mRNAs are 
provluceii fiom a vingle gent as <* cohstqutiive of dfitiii »ivc 
RNA splicing events. 

The 5' termini of the PPT mRNAs were identified by S, 
nuclease mapping and primer extension analyses (Fig. 2). Both 
analyses revealed a length heterogeneity at the 5' end of 
the PPT transcripts. The major 5' termini of the PPT mRNAs 
mapped at 106-108, 1 10 and 1 1 1 bp upstream from the 3' end 
of exon l (Fig. I g). Several minor mRNA species starting further 
upstream were also observed and these 5' termini mapped at 
roughly 132, I33, I37 and I46bp upstream from the 3' end of 
exon i. In support of these assignments, we found that three of 
the four cDNA clones isolated previously 3 (clones pSP30l, 302 
and 306) contained the extreme 5' sequences corresponding to 
the major 5' ends, while the remaining one (clone pSP307) 
extended its 5 -terminus up to one of the minor 5' ends. Based 
on the assignments of the 5' termini of the PPT mRNAs, we 
conclude that the bovine PPT gene is -8.4 kbp long. 



